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1
Introduction

How do individual molecules interact with each other? For centuries, scientists have
attempted to answer this simple question. In the early stages of understanding the
nature of the intermolecular force, people believed there was a undeﬁned force law
which applied to all molecules. However, at the beginning of 20th century, more and
more studies showed that the intermolecular force consists of two parts: the attractive
and the repulsive intermolecular force[1–4]. In 1924, Lennard-Jones described the
intermolecular force by the interaction potential, which can be expressed as a simple
equation[5]:
A
B
V (R) = − 6 + 12
(1.1)
R
R
where R is the intermolecular distance, and A and B are adjustable parameters. The
ﬁrst term of the potential represents the long range attractive force[4], and the second
term represents the short range repulsive force[6].
Upon the development of quantum theory, as well as improvements in the capabilities of the computer, the interaction potentials can now be calculated. This can
be done based on ab initio quantum calculations, to obtain the so-called potential
energy surfaces (PESs) that represent the intermolecular interaction. Since molecular collision experiments are sensitive to both the short range repulsive force and
the much weaker long range attractive force between molecules, molecular collision
experiments have been used to verify the predicted PESs for decades.
The crossed molecular beam technique is the one of the most important techniques to experimentally study molecular collisions. It was developed by Herschbach
and Lee in 1950s to study elementary chemical processes. As Y.T. Lee stated in his
Nobel lecture, “When one desires to control the energies of the reagents, understand
the dependence of chemical reactivity on molecular orientation, explore the nature of
reaction intermediates and their subsequent decay dynamics, and identify complex
1
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reaction mechanisms involving polyatomic radical products, the crossed molecular
beam technique is most suitable”[7, 8]. Collisions only happen in the crossing area
of two molecular beams, and the scattered molecules leave the crossing area after
the collision. Therefore, this technique allows us to study molecular collisions under
single-collision conditions, and enables us to measure the direction and velocity of
the scattered products emitted from the collision area. The crossed molecular beam
technique boosted the theoretical and experimental understanding of molecular collisions, and it still functions as a workhorse in this ﬁeld today.
Early crossed beam experiments investigated alkali metals such as potassium,
rubidium, and cesium (a period often referred to as the “alkali age”[9]). When the
scattered alkali metal atoms collided with a hot metal ﬁlament, they ionized, creating
a small electric current. Because this detection method is nearly perfectly efﬁcient,
the technique was quite sensitive. Later on, Lee et al. developed a new crossed
molecular beam apparatus with an electron bombardment detector, which allow them
to study the reactions “beyond the alkali age”[9, 10]. The apparatus was called the
“universal crossed beam” and extended the detection ability to main group elements.
However, quantum state-selective detection was still not yet achievable.
Quantum-state selective detection techniques, such as laser induced ﬂuorescence
(LIF) and resonance enhanced multiphoton ionization (REMPI), became available
since the invention and development of the laser since the 1960s [11–15]. In 1997,
Eppink and Parker invented the velocity map imaging (VMI) technique[16] to study
photodissociation of oxygen molecules by combining it with the REMPI technique.
It has been proven that the combination of these two techniques is an excellent way
to study the angular and velocity distribution of the dissociated products in the selected quantum state. Although the VMI technique was designed for photodissociation experiments, it didn’t take too long before it was applied in molecular collision
experiments.
The ﬁrst apparatus which combined the crossed molecular beam technique, REMPI,
and VMI was built by Suzuki and colleagues[17] to study the inelastic collision between nitrous oxide (NO) and argon. Before that, NO + Rg (Rg = He, Ne and Ar)
were the only open-shell systems for which the state-resolved differential cross section had been observed[18–20]. VMI provided the revolutionary capability in this
experiment to probe all recoil angles simultaneously, which directly reﬂect the differential cross section (DCS) of a speciﬁc collision process[21, 22]. Using this apparatus, the double rainbow in the angular distribution at collision energy of 66 meV was
observed for the ﬁrst time, and the resolution of the observed scattering distribution
2

dramatically increased. Since then, VMI has been used in numerous experiments to
study molecular reactive and inelastic collision in detail.
The DCS of the speciﬁc collision process is extremely sensitive to the PES that
govern the molecular interaction, and thus probing the DCS at high resolution can test
the PES at high level. Basically, by combining crossed molecular beam with VMI
and REMPI techniques, we are able to measure DCSs with spectroscopic resolution.
However, there are still some factors that limit the resolution of the DCS measurements, one of which being the velocity spread of the molecular beams. The larger
the velocity spreads of the two molecular beams are, the larger the spread of collision
energy is. A large spread of collision energy causes blurring of the scattered image,
obscuring the ﬁne structure that may be present in the scattering angular distribution.
The typical velocity spread of the molecular beam used in a crossed molecular beam
experiment is around 10% (FWHM, ΔV /V ). A spread of this magnitude is ordinarily
too high to allow us to observe ﬁne structures in the scattering angular distribution.
Increasing the quality of the molecular beams by manipulating them before the collision is a key point in pursuing the resolution of the measured DCSs to an extremely
high level.
Nowadays, full control over both the internal and external degrees of freedom
of molecules in a beam is possible. Efﬁcient molecular beam sources are available
to cool the rotational and vibrational degrees of freedom in a supersonic expansion,
yielding beams with a high state purity and velocity distributions corresponding to
temperatures of 1K or less. Further manipulation of the beam has become possible
since the advent of molecular beam decelerators[23–25]. Molecules can be decelerated or accelerated to any desired velocity, exploiting the interaction of molecules
with electric or magnetic ﬁelds. This can be accomplished using techniques such
as the manipulation of charged particles in LINACs. Stark and Zeeman decelerators offer the revolutionary capability to produce packets of molecules with a tunable
velocity, a narrow velocity and angular spread, and almost perfect quantum state
purity[26–30].
Since the ﬁrst demonstration of a Stark decelerator in 1999[23], various decelerators have been built, ranging from several-meter-long structures [31] to decelerators
integrated into a chip[32, 33]. Distinct deceleration concepts were developed to optimize the efﬁciency of the deceleration process[24, 25, 31, 34–38]. Stark decelerators
have been implemented in various laboratories, and successfully used in various applications ranging from ultra-high resolution spectroscopy[39, 40] and cold molecule
trapping[41–44] to precise crossed beam scattering experiments[45, 46]. Recently,
3
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crossed beam scattering experiments were enhanced by combining a Stark decelerator with velocity map imaging (VMI)[16]. This “best-of-both-world” combination
resulted in scattering images with extremely high velocity and angular resolution that
allows us to study the PESs in great detail.
The advantages of the combination between Stark decelerator and VMI was
shown by a series of NO + Rg experiments by the Van de Meerakker group. Due
to the open-shell nature of the NO(X 2 Π) radical, the interaction between NO and
its collision partner is governed by two non-adiabatically coupled PESs, allowing
the collision dynamics to be studied beyond the Born-Oppenheimer approximation.
The rotational energy transfer (RET) in collisions between NO and rare gas atoms
is a benchmark system for studying molecular interactions, and has been extensively
studied[47–57]. In 2014, Van de Meerakker and colleagues performed the “wellknown” NO + Rg crossed molecular beam experiment again. It was the ﬁrst time
the rapid oscillatory structures in DCSs were measured for this system. Due to the
quantum mechanical nature of molecules, these oscillatory structures correspond to
the diffraction of matter waves during molecular collisions[58]. This experiment,
together with other experiments done by Van de Meerakker’s group, show that the
combination of the two techniques is a powerful tool for studying molecular inelastic
collisions, with a resolution that is sufﬁcient to resolve various quantum effects of the
collision [59–62]. So far, however, this tool has been limited to study molecule-atom
inelastic collisions, leaving molecule-molecule (bimolecular) inelastic collisions almost unexplored.
In bimolecular inelastic collisions, the degrees of freedom of both molecules couple and therefore give rise to much more complex results in contrast to atom-molecule
collisions. In addition, the added degree of complexity offers opportunities to address
dynamical questions. One of the most intriguing aspects of bimolecular inelastic collisions relates to the so-called product pair correlations of these excitations, i.e., for a
collision event between molecule A and B in which molecule A is excited to a given
ﬁnal state, what is then the probability that molecule B is also excited to speciﬁc ﬁnal
states? This can be answered by measuring the simultaneous rotational excitation
of both collision partners. The study of bimolecular inelastic collisions at the full
quantum state-resolved level is virtually uncharted territory, and little is known about
excitation processes that can occur when two molecules collide.
In the early 1980’s, rotational product pairs were probed for HD−D2 collisions[63]
using time-of-ﬂight spectroscopy, in which detection of the correlated channels was
enabled by the relatively large rotational energy splitting of the D2 molecule. As
4

will be discussed in Section 2.2, the simultaneous rotational excitation of both collision partners can in principle be measured using a VMI detector. By recording
the Newton sphere of one scattered molecule, due to the conservation of energy and
momentum, the excitation of another collision partner can be obtained. With VMI,
state-selective detection of one product species yields a set of concentric rings that
reveal the pair-correlated cross sections, offering a kinetically complete picture of
the scattering process[64]. This has been pioneered for vibrational product pairs in
photodissociation processes[16, 65] and in reactive scattering[64, 66–68]. Insight
into the reaction mechanisms is obtained from the various scattering channels that
are often fully resolved in the images, due to the relatively large energetic spacing
of vibrational modes. For rotational inelastic scattering, however, the much smaller
energy spacing between rotational states of typically only a few cm−1 imply that the
rings are very close together. Resolving the individual rings requires exceptional experimental resolutions, which are often not available in crossed beam experiments
due to the velocity and angular spreads of the reagent beams. Recently, several state
of the art experiments were performed to study collisions of NO and ammonia with
several molecular collision partners [69–74]. The direct experimental observation of
rotational product pairs, though, remains elusive.
This thesis
The main topic of this thesis is to study product pair correlations in bimolecular inelastic collisions by using the combination of a Stark decelerator and VMI. We ﬁrst
describe the method to optimize the molecular beam source for the Stark decelerator,
in order to enhance the intensity of molecular beam. The details of the Stark decelerator have been described elsewhere[28], but the optimization of the molecular beam
source which is loaded into the Stark decelerator has not previously been described
in much detail. A proper choice and implementation of the source directly inﬂuences
the quality of the overall experiment.
Next, we describe the experimentally observed product pair correlation in bimolecular inelastic collision. In two different collision systems, NO + O2 and NO + HD
(D2 , H2 ), product pairs which directly indicate the simultaneous rotational excitation of both collision partners were observed. For both systems, the long-range and
short-range interaction play different roles in the collisions. In this thesis, we refer
to NO + O2 as “similar rotors”, as the two collision partners have similar rotational
constant. For both the spin-orbit coupling conserving and changing channels for NO,
observations show that the well-known energy-gap law that governs atom-molecule
5
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collision does not generally apply to bimolecular excitation processes. The correlated cross sections and the observed trends show surprisingly good agreement with
quantum scattering calculations using ab initio NO−O2 PESs. These calculations
reveal a propensity rule for the vector correlation of product angular momenta, that
only applies to spin-orbit conserving transitions.
The NO + HD (D2 , H2 ) system is referred to as “different rotors”, as both molecules
have rather different rotational constants. For NO + para−H2 and ortho−D2 , we
hardly observed any excitation of the para−H2 and ortho−D2 when NO is excited,
due to the large energy gap that needs to be overcome to excite H2 or D2 . However,
by increasing the collision energy of NO + ortho−D2 to 720 cm−1 , weak rotational
excitation of ortho−D2 ( j = 0 → j = 2) can be observed. For NO + HD, clear
product-pair correlations could be observed. We found a surprisingly strong inelastic
channel in HD, that is governed by the short-range interaction. The inelastic channels
are weakly correlated to the inelastic transitions in NO, which is different as being
observed in NO + O2 collision system.
Outline of this thesis
Chapter 2 describes the research methodology of the experiments described in this
thesis. Chapter 3 describes the optimization of the molecular beam sources for the
Stark decelerator to increase the available densities. Different pulsed valves are compared as a source for the Stark decelerator. Chapters 4 and 5 describe a study on
rotational product pair correlations in inelastic collisions between NO and O2 . In
Chapter 6, pair correlations in inelastic collisions between NO and HD are reported.
NO + para−H2 and NO + ortho−D2 inelastic collisions are discussed in Chapter 7.
Finally, concluding remarks and prospects for future work are given in Chapter 8.

6

2
Research methodology

In order to understand our experiments on product pair correlations in
bimolecular inelastic collisions, a good understanding of the research
methodology is required. In this chapter, a detailed discussion of the experimental method, collision kinematics, analysis, and simulation method
is given.

7

Chapter 2. Research methodology

2.1

Experimental methods

All the experiments described in this thesis were performed using a crossed beam
scattering apparatus containing a Stark decelerator and VMI detector. The main
molecule studied in this thesis is the NO radical, which is manipulated by a Stark
decelerator before the collision. In this section, the NO radical beam, the main components of the experimental set-up, and the method for the calibration of VMI detector will be described.

2.1.1

The NO radical beam

Hund’s case (a) and (b) coupling scheme
The Born-Oppenheimer approximation describes the total wavefunction of a diatomic
molecule as two separate parts: the wavefunction which describes the motion of the
electron, and the wavefunction which describes the motion of the nucleus. The total
angular momentum, j, of the diatomic molecule is:
j=L + S + R

(2.1)

where L is the electronic orbital angular momentum, S is the electronic spin angular
momentum, and R is the nuclear angular momentum. However, the coupling of the
nuclear motion and electronic motion is not as simple as just adding these three vectors up: we normally use ﬁve Hund’s cases to describe the coupling. Here, we only
introduce the two most important cases (Hund’s case (a) and (b)) which are used
throughout this thesis.
(1) Hund’s case (a)
Both the electric ﬁeld along the internuclear axis and the magnetic ﬁeld along
the internuclear axis caused by the orbital motion of the electron are strong. This
induces a strong coupling between the electronic orbital angular momentum L and the
electronic spin S. As shown in Fig. 2.1 a, their projections Λ and Σ on the internuclear
axis form the projection Ω of the total electronic angular momentum:
Ω = Λ + Σ,

(2.2)

which then couples to the nuclear rotational angular momentum R to form the total
angular momentum j.
j = Ω+R
(2.3)
8
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E

a

E

b
S
R

j

R

S
Ȉ

2

j
N
L

L
ȁ
ȁ

ȍ
Fig. 2.1: Coupling scheme of Hund’s case (a) (a) and (b) (b) of a diatomic molecule. The
external electric ﬁeld is indicated by E.

(2) Hund’s case (b)
The electric ﬁeld along the internuclear axis is strong, whereas the magnetic ﬁeld
along the internuclear axis caused by the orbital motion of the electron is weak. Consequently, the coupling of the electronic spin to the internuclear axis is weak, and the
quantum number Ω is no longer meaningful. In this case, the orbital projection Λ
couples to R to form the angular momentum N
N = Λ + R,

(2.4)

which in turn couples with the spin (S) to form the total angular momentum
j = N + S.

(2.5)

Hund’s case (b) occurs most for molecules with Λ = 0 (Σ electronic states). For both
Hund’s case (a) and (b), the electronic state of the molecule is described by the term
symbol 2S+1 ΛΩ .
9
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Energy diagram and ionization scheme of NO radical
The NO radical is an open shell molecule, and the electronic ground state (2 Π) is
best described by Hund’s case (a). Thus, as displayed in Fig. 2.2, the electronic
ground state includes two spin-orbit manifolds: 2 Π1/2 and 2 Π3/2 . For the 2 Π1/2
and 2 Π3/2 manifold, the lowest rotational state is j = 1/2 and j = 3/2, respectively.
The interaction between the 2 Π and 2 Σ+ electronic states results in a splitting of
each rotational state in the electronic ground state, called the the Λ-doublet splitting.
The lower components have e-parity and upper components have f -parity. The ﬁrst
electronically excited state (A2 Σ+ ) is best described by Hund’s case (b), and the total
rotational quantum number j is given by j = N + (1/2) (F1 ) and j = N - (1/2) (F2 ).
In all the measurements described in this thesis, the NO radical is state-selectively
detected using a (1 + 1 ) Resonance Enhanced Multi Photon Ionization (REMPI)
scheme. The ﬁrst laser with a wavelength of 226 nm (λ1 ) and a bandwidth of approximately 0.08 cm−1 can be tuned to selected rotational branches of the A2 Σ + ← X 2 Π
transition to probe the scattered NO radicals in a speciﬁc ﬁnal state. Typical pulse energies of only about 5 μJ are used for this laser to avoid ionization by a direct (1 + 1)
REMPI process. The second laser with a ﬁxed wavelength of around 328 nm (λ2 ) can
be tuned to subsequently ionize the NO radicals at their energetic threshold to eliminate blurring effects due to electron recoil energy. A time delay of 13 ns between
both lasers is kept ﬁxed for all measurements. The second laser has a typical pulse
energy of about 8 mJ, and is focused into the ionization region with a spherical lens
with 500 mm focal length. It has been veriﬁed that all ionization signals disappear
when blocking either of the two laser beams[75].

Manipulation of NO radicals using a Stark decelerator
The NO radical is a polar molecule which can interact with an external electric ﬁeld.
This interaction is called the Stark interaction. The interaction can be expressed as
HStark = -μ · E, where E is the space-ﬁxed electric ﬁeld and μ is the body-ﬁxed
electric dipole moment of NO, which is necessarily along the internuclear axis. We
can also rewrite the HStark as HStark = -μ E E; here, the μ E is the mean value of the
component of the electric dipole moment along the direction of electric ﬁeld. It can
be derived that
μMΩ
μE =
,
(2.6)
j( j + 1)
10
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Fig. 2.2: Energy level diagram of the electronic ground state (X2 Π) and ﬁrst electronically
excited state (A2 Σ+ ) of NO. In both electronic states, the rotational levels for the vibrational
ground state are shown schematically. The λ -doublet in the ground state, as well as the ρdoublet splitting in the excited state are greatly exaggerated for clarity. Some transitions used
for the ionization of NO are indicated by the arrows.
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Fig. 2.3: a. The Stark energy of the NO (2 Π1/2 , J = 1/2) radical. b. The potential energy
W(z) of a polar molecule as a function of the position Z along the axis of an array of electrode
pairs. At a time of t1 and t2 , the voltage applied to the electrode pairs is shown.

where M is the projection of the total angular momentum ( j ) along the direction of
the electric ﬁeld 2.1 a. For a given rotational level in the electronic ground state, the
Stark effect matrix can be written as:


0 Q
(2.7)
Q EΛ
where EΛ is the zero-ﬁeld Λ-doublet splitting, and Q represents the Stark matrix
element and is given by:
μMΩe f f E
(2.8)
Q=
j( j + 1)
where Ωe f f is the effective value of Ω, whose magnitude is slightly different from
Ω because of the mixing between X2 Π1/2 and X2 Π3/2 spin-orbit manifolds. The
eigenvalue of the Stark effect matrix can be calculated analytically:
  

MΩe f f 2
EΛ 2
EΛ
+ μE ·
(2.9)
±
EStark =
2
2
j( j + 1)
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The details of the Stark effect calculation can be found in Ref. [28, 76].
Fig. 2.3a shows the Stark effect of the NO radical in the two Λ-doublet components 1/2f and 1/2e of the rotational ground state (see also Fig. 2.2 (F1 ,X2 Π1/2 )). As
is evident from the ﬁgure, the Stark shift of 1/2f state increases with the increasing
of the external electric ﬁeld, whereas the 1/2e state shows the opposite behavior. We
name 1/2f state as “low-ﬁeld-seeking” state and 1/2e state as “high-ﬁeld-seeking”
state. Furthermore, the Stark effect is quadratic for low electric ﬁeld strengths. For
higher electric ﬁelds, the wave functions of the two Λ-doublet components are completely mixed, and the Stark shift becomes linear[28].
Based on the Stark effect, the Stark decelerator was built to manipulate the motion and the quantum states of polar molecules. The details of the principles and
operational methods of the Stark decelerator are described elsewhere[28, 31, 42, 77–
79]. Here we discuss only the essential parts for the manipulation of NO radical by
Stark decelerator.
Fig. 2.3b displays the Stark energy of the low-ﬁeld seeking molecule as the function of the Z axis (molecular beam axis). At t1 , the molecule is facing a potential hill,
and once the molecule reaches the second pairs of electrode rods, its speed deceases
due to the increase of Stark energy. At t2 , when the molecule arrives at the top of
the potential hill, the electrode rods that were at high voltage are switched to ground,
and vice versa. The molecule then faces a potential hill again, and by repeating this
process, the speed of the molecule can be reduced. The total kinetic energy lost by
the molecule depends on the height of the potential hill and the switching time of the
high voltages (phase angle). The higher the phase angle is, the more kinetic energy
lost and, alternatively, the lower the acceptance of the molecules from the molecular beam. In order to obtain the maximum density of the NO radical beam, in all
the work described in this thesis, we use the Stark decelerator to keep the selected
part of low-ﬁeld-seeking NO (1/2f ) together as a compact packet. In addition, the
Stark decelerator always focuses the low-ﬁeld-seeking molecule to the central axis
(parallel to the NO radical beam axis) and deﬂects the high-ﬁeld-seeking molecule
from the central axis, thus NO radicals in the 1/2e state cannot pass through the Stark
decelerator.
State purity of the NO radical beam
In state-to-state collision experiments, the state purity of the parent beam is essential,
as initial populations in undesired quantum states lead to background signals that
may also reduce the resolution of the scattering images. Fig. 2.4 shows the (1 + 1 )
13
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Fig. 2.4: The experimental REMPI spectrum of the NO packet exiting the Stark decelerator.
The labels indicate the rotational levels from which the transitions originate. [Adapted from
[74] with permission]

REMPI spectrum of the NO packets exiting the Stark decelerator. The vast majority
of the NO radicals reside in the j = 1/2f state, and only a minor fraction is observed
in the j = 1/2e state. In the initial NO beam, the j = 1/2e and j = 1/2f are equally
populated; however, as can be seen from the REMPI spectrum, the populations in the
e states which are high ﬁeld seekers are diminished to a negligible value by the Stark
decelerator.

2.1.2

Scattering set-up

The crossed molecular beam scattering apparatus contains a Stark decelerator and
VMI detector, and is schematically shown in Fig. 2.5. A beam of NO radicals is
formed by expanding a mixture of 5% NO seeded in Kr at typical 1 bar pressure from
a Nijmegen Pulsed Valve (NPV). After passing through the decelerator, a packet of
NO (X 2 Π1/2 , j = 1/2 f ) radicals with a well-deﬁned velocity, a velocity spread of
2.1 m/s (1σ ) and an angular spread of 0.1◦ (1σ ) is scattered with a pulsed molecular
beam at the intersection angle of 45◦ or 90◦ . At the crossing angle of 45◦ , the pulsed
14
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(316 stages)
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Fig. 2.5: Schematic representation of the experimental set-up. A beam of NO radicals is
passed through a Stark decelerator and scattered with a secondary pulsed molecular beam.
The inelastically scattered NO radicals are state-selectively ionized using two pulsed lasers,
and detected using velocity map imaging. Only the last section of the Stark decelerator is
shown.

beam is produced by expanding molecular gas through a commercial Even-Lavie
valve[80] that is cooled to cryogenic temperatures. At the crossing angle of 90◦ , the
pulsed beam is produced by expanding molecular gas through a NPV. The scattered
NO molecules are state-selectively ionized and collected by the VMI optics.

2.1.3

Calibration of VMI detector

In order to calculate the kinetic energy of the scattered NO radicals, an accurate
calibration (pixel-to-m/s rate) of the VMI detector is essential. Normally, well-known
photo-dissociation systems such as O2 , OCS, were used for the calibration of VMI
detector. Although this is a popular way to calibrate a VMI detector, this method still
has disadvantages. For example, it is not possible to calibrate the VMI detector for
each measurement, considering how time-consuming this process can be. Another
method to calibrate the VMI detector is to use a Stark decelerator selected beam, e.g.
NO radical beam, to calibrate the VMI detector.
Fig. 2.6 illustrates the procedure to calibrate the VMI detector using Stark decelerated beams. Fig. 2.6a shows the beam spots that are measured for NO radicals
with a well-deﬁned velocity as produced by the decelerator, ranging between 350 and
550 m/s. The mean impact positions on the VMI detector are determined for all beam
spots. These positions are plotted as a function of the mean velocity for the directions
along and perpendicular to the NO radical beam in Fig. 2.6b,c. A linear relationship
between the mean velocity of NO and the mean impact position for the direction
along the NO beam can be observed, directly yielding a pixel-to-m/s rate. While the
mean velocity of the NO beam changes, the mean pixel number - perpendicular to
15
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Fig. 2.6: (a) Image showing the beam spots of NO packets that emerge from the Stark decelerator with a well-deﬁned velocity, ranging from 350 to 550 m/s. The mean impact positions
(in pixel units) of these beam spots are plotted as a function of the mean velocity for the directions along (b) and perpendicular (c) to the propagation direction of the NO radical beam.
[Adapted from [75] with permission]

the beam - remains almost stable.

2.2

Kinematics of bimolecular inelastic collisions

Consider a collision experiment in which the two moving particles A and B with
the mass mA ,mB and laboratory velocity vA ,vB respectively collide with each other
at a collision angle given by ψ. In the laboratory frame, the center of mass (COM)
velocity is given by
vCOM =

mA vA + mB vB
mA + mB
16
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The relative velocity is deﬁned as vrel =vA -vB , and the kinetic energy in the laboratory
frame can be expressed as
1
1
2
+ μv2rel
Ekin = (mA + mB )vCOM
2
2

(2.11)

with

mA mB
(2.12)
mA + mB
being the reduced mass of the system. The second term of Ekin corresponds to the
collision energy, or COM kinetic energy. When the two particles collide with each
other with a collision angle of ψ, the collision energy can be expressed as
μ=

1
1
Ecol = μv2rel = μ(v2A + v2B − 2vA vB )cosψ
2
2

(2.13)

The relationship between the COM and laboratory frames for an inelastic collision is illustrated in Fig. 2.7. Here, uA and uB are the velocities for particles A and B
respectively, in the COM frame. The relationship of the velocities between the COM
frame and laboratory frame can be expressed as
uA =

mB
vrel
mA + mB

(2.14)

and

mA
vrel
(2.15)
mA + mB
Fig. 2.7a displays the Newton diagram for an inelastic collision between a molecule
and an atom. Here we consider particle A as the molecule which we detect after the
collision. During the collision, molecule A is rotationally excited; the energy transfer
to molecule A is ΔEAint . Considering conservation of energy and momentum, one can
calculate the post collision velocity of molecule A in the COM frame by

mB
2

A )
(2.16)
(Ecol − ΔEint
uA =
mA + mB μ
uB = −

The angle θ between uA and uA (θ ) is called the scattering angle, and ranges from 0◦
to 180◦ . By using a VMI detector, the Newton circle can be probed directly, where
the radius of the circle is expressed by
r=

uA
,
f
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Fig. 2.7: Newton diagram for an inelastic collision between particle A and B. (a)
Molecule-atom inelastic collision. (b) Bimolecular inelastic collision

where f is the pixel-to-m/s conversion factor as described in Section 2.1.3.
Fig. 2.7b displays the Newton diagram for an inelastic bimolecular collision, i.e.,
we consider both particles A and B to be molecules. Again, we assume that molecule
A is detected after the collision. Similar to molecule-atom collisions, during the
collision molecule A can be rotationally excited with energy transfer ΔEAint while
molecule B scatters elastically. The post collision velocity of molecule A then again
follows from formula 2.16. However, molecule B can also be rotationally excited
during the collision, with ΔEBint the amount of energy transferred to molecule B. In
this case, the total energy transferred from the COM kinetic energy to internal energy
of both molecules is EAint + EBint . Consequently, the post collision velocity for molecule
A in the COM frame is

m
2
B
A + ΔE B )).
uA =
(2.18)
(Ecol − (ΔEint
int
mA + mB μ
As can be seen from equation 2.18, for a ﬁxed value of ΔEAint , when molecule B
is excited to different rotational states (different ΔEBint ) during the collision, different
values for uA exist. The probability for the different rotational excitations of molecule
B depends on the ICSs for each excitation channel. This means that if we collide a
packet of molecule A and a packet of molecule B, different rotational excitations of
molecule B for a ﬁxed value of EAint results in a series of concentric Newton circles,
18
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known as product-pairs. In other words, by detecting molecule A, the information of
simultaneous rotational excitation of molecule B can be obtained.

2.3

Analysis and simulation method

In this section, the methods are described that are used to analyze the experimental
scattering images.

2.3.1

Radial and angular distribution of the scattering images

The two main analysis, the radial and angular distributions of the scattering images,
are performed using home-written Matlab code. Below, we describe the essential
parts for the analysis of the radial and angular distributions. The details for the analysis of angular distributions is described in Ref. [58].
Radial distribution
300 m/s

b

c
intensity (a.u.)
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0
0%

100%

50
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Fig. 2.8: a. Typical bimolecular inelastic collision image with the forward scattering direction to the right; the radial distribution is analyzed within the angular range between the two
red dashed traces near the forward direction. b. The enlargement around the forward direction of a. c. The radial distribution of a, the black dashed traces are used to compare the
energetically calculated radii with the radial distribution.

In order to study the simultaneous rotational excitation of two collision partners,
radial scattering intensity distributions must be analyzed. Fig. 2.8a displays the typical bimolecular inelastic collision image with the forward scattered angle positioned
at the right side of the image (this scattering image is the result of NO + O2 inelastic
collision, see chapter 4). We analyze the radial distribution within a narrow angular
19
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region close to forward scattering as indicated by the two red dashed lines. Fig. 2.8b
shows the enlargement around the forward direction of Fig. 2.8a, in which the different concentric Newton rings are clearly visible. Since the rotational energy level
differences of the collision partner are several cm−1 , the radii of the different circles
are quite similar and the rings are close to each other. Fig. 2.8c displays the typical
radial distribution of the experimental scattering image. The radii of the circles as
calculated from conservation of energy and momentum are indicated by the black
vertical lines. It is seen that the maximum intensity position for each circle is shifted
1 to 2 pixels inward with respect to the nearest dashed trace, which can be understood
by the “crushing” effect shown in Fig 2.9. In the measurement, we always directly
measure the so called “2D” image which is the result of the three-dimensional Newton sphere, which is “crushed” onto a two dimensional detector. Because of the
non-zero speed spread of both collision partners and the imperfect focusing of the
VMI detector, the Newton sphere shells have certain thickness. As shown in Fig.
2.9, since the Newton sphere is cylindrically symmetric around the relative velocity
vector which is parallel to the horizontal green line, different elements with position
r to the COM point project differently on the 2D detector. In Fig. 2.9, the area of the
shadows represents the intensity of projection of the Newton sphere shells on the two
dimensional detector. It is clearly shown that the intensity of the projection around
the energetically calculated radius (r) is weaker than the intensity of the projection
around r2 where is slightly inward with respect to r. The radial distribution of the
shell thus has a maximum at a radius that is smaller than r.
In addition, as can be seen from Fig. 2.8, the edge of the rings overlap with
each other, thus the peaks in the radial distribution proﬁle are not separated from
one another. This is because of the projection which makes the width of the twodimensional ring broader than the thickness of three dimensional Newton sphere
shells. Referring back to Fig. 2.9, consider that the radii of the three dimensional
Newton sphere shells range from rmin to rmax . However, the projected image still has
intensity at a radius of r1 (smaller than rmin ).
As shown in Fig. 2.8a, in the analysis of the radial scattering intensity distribution, we extract radial distributions in an angular window near forward scattering
direction for two reasons. First, for the all scattering images described in this thesis,
the scattering intensity is the largest in the angular range close to the forward scattering direction. Second, around the forward scattering direction, the resolution is
always the highest in our experiments. The reason for this is illustrated in Fig. 2.10.
In this ﬁgure, the situation is illustrated in which two molecular beams collide with
20
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Fig. 2.9: Schematic representation of the three dimensional Newton sphere shells
(partly) projects onto a two dimensional detector. The red dash trace represents the energetically calculated radius(r) of the Newton sphere shell, and the two black dash traces show
the inner and outer radii of the Newton sphere shells. The horizontal green line represents
the symmetry axis of the image; two dimensional detector is positioned parallel to the XY
frame. The area of the shadows represents the intensity of elements within the Newton shell
when projected on the two dimensional detector. As shown, the radius at which the maximum
projection intensity is found (r2 ) is slightly smaller than r. Furthermore, due to the projection, the width of the two dimensional ring is broader than the thickness of three dimensional
Newton sphere shell.
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each other at an angle of 45◦ . The molecular beam with mean velocity of V1 is a
Stark decelerated beam, and the other molecular beam with mean velocity of V2 is a
conventional beam. We assume the Stark decelerated beam has zero velocity spread,
whereas a conventional beam has nonzero velocity spread. We consider a hypothetical DCS that exhibits a series of block functions to model a structured DCS which
are indicated by colored stripes. The velocity spread of the conventional beam is
shown to contribute to the blurring of the scattering image, especially around the side
and backward scattering direction. Since the blurring effect has the least inﬂuence on
forward direction of the scattering images, around the forward direction, the ring is
always sharpest in this direction.
We note that we never include the forward direction (θ = 0) itself because of
the imperfect state selection of the Stark decelerator; the unscattered molecules are
always located around the forward direction, resulting in the so-called “beamspot”
in the images. In most cases, they overlap with the scattered molecules. To avoid
any inﬂuences from the beamspots, we typically cut the beamspots together with the
scattered signal around the forward direction before analysis.
Angular distribution
Information on the DCS is obtained from the scattering images by analyzing the angular scattering distribution. Fig. 2.11 illustrates how the angular scattering intensity
distribution is analyzed. Since the 2D Newton circles have a certain width, we integrate the scattering signals within a certain radial range as a function of the scattering
angle. To ﬁnd the radial range, we ﬁrst calculate the expected radius of the Newton
circle based on conservation of energy and momentum, then increase and decrease
this radius by 1 to 2 pixels (depending on the width of the circle) to obtain an annulus
close to the rim of the image. This annulus is shown in Fig. 2.11a as the area between
the red and white dashed traces. The resulting angular distribution of the outermost
ring in Fig. 2.11a is shown in Fig. 2.11b.
For the inner scattering rings, we use the same method to analyze the angular
scattering intensity distribution. However, because of the projection of the outer scattering ring, the angular scattering intensity distribution of inner rings also contain
the inﬂuences from the outer rings. This contribution may in principle be subtracted
from the derived angular distribution of the outer ring. However, we found that this
procedure can also induce inaccuracies. For all experiments reported in this thesis,
we therefore compare experimental results with theory by directly comparing experimental images with simulated images (see below).
22
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Fig. 2.10: Newton diagram describing the scattering of two molecular beams at an angle
of 45◦ . The beam with mean velocity of V1 is assumed to have a zero velocity spread,
whereas another beam with mean velocity of V2 has nonzero velocity spread. We consider a
hypothetical DCS that exhibits a series of block functions to model a structured DCS which
are indicated by colored stripes. The relative velocity vector (VREL ), the center-of-mass (CM)
positions, and the scattering deﬂection angle θ are indicated.

For images that contain only one ring (molecule-atom systems or bimolecular
systems in which one molecule only scatters elastically), an elegant method has been
developed recently to mitigate the loss in resolution due to the projection of 3D Newton spheres on the 2D detector. The Finite slice analysis (FINA)[81, 82] method has
been developed by Suits and coworkers to reconstruct the scattering images and recover the three dimensional scattering intensity. Unlike[83] BASEX, which is used
by Vogels et al. to analyze images from counter-propagating molecular beam collisions [59], FINA doesn’t require a cylindrical symmetry in the scattering image. We
have used the FINA analysis method for the NO + para-H2 and ortho-D2 collision
systems, as described in Chapter 7, and brieﬂy discussed below.
To apply FINA, we ﬁrst reconstructed the raw scattering images using a Cartesian grid. Fig. 2.12 displays the comparison between the raw scattering image and
23
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Fig. 2.11: a. Typical scattering image (partial) with the forward scattered angle positioned
at the right side of the image. The white and red dashed traces represent the annulus which
is used for the analysis of the angular scattering intensity distribution of the outer scattering
ring. b. Angular scattering intensity distribution of the outermost scattering ring in a.

FINA reconstructed images for the scattering of NO (X 2 Π1/2 , j = 1/2 f ) radicals
with para-H2 under a collision angle of 45◦ . It is observed that the sharpness of
the resulting rings is much higher in the reconstructed image. Fig. 2.13 shows the
angular scattering intensity distribution derived from the raw image and the FINA
reconstructed image. As can be observed, the oscillating ﬁne structure in the angular
distribution has been sharpened, and each peak becomes clearly resolved by FINA
reconstruction. For the NO + O2 inelastic collision (Chapter 4 and 5) and NO + HD
inelastic collision (Chapter 6), where the scattering images contain a number of rings,
we didn’t use FINA to analyze the images, as the method is not optimzied (yet) to
analyze these multi-component images. For these collision systems, the scattering
signals are much weaker than for NO + H2 /D2 , in particular for the inner rings. Applying FINA to these systems dramatically reduces the signal-to-noise ratio of the
scattering images.

2.3.2

Simulation

Comparison between the experimental results and the theoretical prediction can normally proceed in two ways. The ﬁrst is by directly comparing the experimental results
to the theoretical prediction, and the second is by comparing the experimental results
24
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Fig. 2.12: Scattering images for inelastic collisions between NO and para-H2 with forward
scattered angle positioned at the bottom side of the image, exciting NO to 3/2e and 5/2 f
states. Left: Raw scattering images. Right: FINA reconstructed images.

to the simulated results. Although the ﬁrst method is a direct way, the disadvantage is
that experimental blurring and the inhomogeneous detection bias with respect to the
scattering angles make the experimental results and theoretical predictions not identical. Therefore, we use the second method in all the works described in this thesis,
as the simulation takes the experimental parameters and blurring effects into account.
In order to obtain the simulated results, the scattering images ﬁrst need to be simulated. The DCSs needed as inputs to the simulations are obtained from quantum
mechanical (QM) close-coupling (CC) calculations. Furthermore, the input parameters for the simulation are chosen to match the experimental conditions as closely
as possible. The spatial, temporal and velocity distributions of the Stark decelerated
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Fig. 2.13: Comparison of the angular scattering intensity derived from the raw scattering
images and the FINA reconstructed images from Figure 2.12.

beam are accurately known by the simulations of the Stark decelerator. Because of
the imperfect focusing of the VMI detector, a blurring factor with a homogeneous
width of 2 m/s is added to the simulation. The details of the simulation method are
described in Ref. [58].
In the simulation of bimolecular inelastic collisions, we have to consider the possible simultaneous rotational excitation of the collision partners (Fig. 2.7b). This
is illustrated in Fig. 2.14 that shows the comparison between simulated and experimental scattering images of NO (X 2 Π1/2 , j = 1/2 f ) + O2 (X 3 Σ−
g ) under a collision
◦
angle of 45 , exciting NO to 9/2 f state. Before the collision, O2 resides in the NO2 =1
rotational state. Details of the rotational structure and state purity of O2 beam can
be found in Chapter 4. Since the majority of the O2 molecules in the reagent beam
reside in the NO2 = 1 state, only the NO2 = 1 state is considered as the initial N state
in the simulation. We do, however, take the full NO2 , jO2 -resolved cross section into
account as predicted by theory. For each of the three initial jO2 states belonging to
NO2 = 1, and for a given ﬁnal state NO 2 , we simulated the scattering image for the
 transitions, and added them together using
three possible NO2 = 1, jO2 → NO 2 , jO
2
weights according to the initial jO2 population. A single simulated scattering image
 , N  ) product-pair rings was consequently constructed from a total
containing 4 ( jO
O2
2
 -resolved simulated scattering images.
of 36 jO2 → jO
2
To compare the simulation results and experimental results, the same analysis
methods were applied to the simulated and experimental scattering image. Fig. 2.15
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Fig. 2.14: Simulated (Sim) and experimental (Exp) scattering images for inelastic collisions
between NO and O2 at collision angle of 45◦ , exciting NO into the 9/2 f state. The multiple
rings correspond to different NO2 transitions as labeled in the image.

shows comparisons of the angular scattering intensity distribution for the outermost
ring, and the radial scattering intensity distribution between the simulated and experimental scattering images.
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Fig. 2.15: Comparison of the angular and radial scattering intensity distributions between
simulation and experiment. NO is excited from 1/2e state to 9/2 f state.
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2.4

Summary

In this chapter, the research methodologies including the experimental methods, the
kinematics of bimolecular inelastic collisions, the analysis, and the simulation methods are described. By combining the Stark decelerator with VMI detector, the angular
distribution and radial distribution of scattering images can be studied. As an extension of molecule-atom inelastic collisions, studying product-pairs of bimolecular inelastic collisions can help to understand the interactions between different molecules,
e.g. simultaneous rotational excitations.
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Optimizing the molecular beam sources for the
Stark decelerator

The success of any collision experiment using a Stark decelerator critically depends on the molecular density of the decelerated packet that can
be achieved. In this chapter, our experiences with in particular the General Valve (GV), Jordan Valve (JV), and Nijmegen Pulsed Valve (NPV)
as a source for the Stark decelerator are described. The valve performance regarding opening time duration, optimal valve-to-skimmer distance, mean velocity, velocity spread, state purity, and relative intensity
are studied. We put particular emphasis on their suitability in crossed
beam scattering experiments that employ a decelerator. We desceribe
the procedures we have developed to calibrate valve performance, and to
optimally load the beam into the decelerator.

Based on
Optimal beam sources for Stark decelerators in collision experiments: a tutorial review, Sjoerd N.
Vogels, Zhi Gao and Sebastiaan Y.T. van de Meerakker, EPJ Techniques and Instrumentation 2, 12
(2015)
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3.1

Introduction

The Stark decelerator selects a portion of the initial molecular beam pulse, and transfers this portion to the desired ﬁnal velocity keeping the phase-space density in the
selected bunch constant [77]. In this respect, the decelerator acts as a ﬁlter, in principle leaving the part of the beam that is not selected to propagate freely. The quality
of the bunch of molecules exiting the decelerator therefore critically depends on the
parameters of the initial molecular beam pulse and the pulsed valve used. Several
molecular beam sources are used in laboratories around the world as a starting point
for deceleration experiments. Some of them are home-built, others are commercially
available. Frequently used valves include the piezo activated valve [84], General
Valve, Jordan Valve, Even-Lavie Valve [85], and more recently the Nijmegen Pulsed
Valve [86]. Their opening mechanisms and technical sophistication are equally diverse as their performance, availability and purchasing cost.
Although the working principles of decelerators are well documented in the literature, and the (dis)advantages of the various decelerator concepts are discussed [28],
generation of the initial molecular beam pulse has received little attention. On the one
hand this is surprising, as a proper choice and implementation of the source directly
inﬂuences the quality of the overall experiment. On the other hand, this is not surprising, since a quantitative comparison of different valve performances is extremely
difﬁcult to make. The parameter space is vast, and depending on the application, different criteria exist for the bunch of molecules exiting the decelerator. For trapping
experiments, for instance, the sole interest may be to achieve the highest possible
phase-space density at low ﬁnal velocities. For crossed beam scattering experiments,
on the other hand, one wishes to access a wide range of ﬁnal velocities, ranging from
velocities below 100 m/s to velocities up to several hundreds m/s. This requires the
use of various seed gases to produce the molecular beams, and the ability to select
ﬁnal velocities that are already present in the initial molecular beam pulse. The selected packet of molecules exiting the decelerator should be sufﬁciently decoupled
from the remainder of the molecular beam pulse. This, in turn, imposes stringent
requirements on the speed and temporal distribution of the initial beam pulse.
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3.2

The General Valve, Jordan Valve, and Nijmegen Pulsed
Valve

The commercially available GV (Parker Hanniﬁn Corporation) is a magnetically activated solenoid valve. The valve opens by pulsing current through a solenoid, creating
a magnetic ﬁeld that lifts a plunger from the valve oriﬁce. The opening time for a
well-adjusted valve depends on the valve temperature, but is typically between 80 and
150 μs (FWHM). The also commercially available JV (R.M. Jordan, Co.) is based
on the original design by Gentry and Giese [87], and is operated by passing a high (3
- 4 kA) current in opposite directions through two metal strips. Due to the magnetic
repulsion, the strips bend apart, opening the valve. This valve has a speciﬁed opening time of about 50 - 60 μs (FWHM). Finally, the operation of the NPV is based
on the Lorentz force on a current-carrying strip in a magnetic ﬁeld [86]. A very light
metal alloy strip is placed between two permanent magnets. When a current is pulsed
through the strip, the Lorentz force lifts the strip from the valve oriﬁce, opening the
valve. Since the strip has a mass of only 23 mg, opening times of 20 μs (FWHM) or
shorter can be obtained.
A selection of the most important parameters of the valves is given in Table 3.1,
summarizing operation mechanism, typical voltages and currents used to activate
the valve, and typical opening times obtained. Table 3.1 also speciﬁes the nozzle
diameters of the valves that were available to us, and the typical pressures that were
recorded in the source chamber under operating conditions. This pressure results
from a combination of opening time, nozzle diameter, and backing pressure of the
pulsed valve, and the density of the molecular beam formed. In all experiments
described here, the molecular beam production parameters (such as backing pressure)
for a given valve were also chosen such to produce an optimal molecular beam pulse,
regarding intensity, velocity spread and rotational cooling. Gas mixtures of about 0.5
- 1 % ND3 in Ar, Kr or Xe were used. Typically, backing pressures of 1.0 bar and 3.3
bars were used for the NPV and JV, respectively.

3.3

Experiment

The experiments were performed in a molecular beam machine that is optimized for
high-resolution crossed beam scattering experiments which is slightly different as
Fig. 2.5. It consists of a 2.6 meter-long Stark decelerator, two conventional molecular beams that are positioned at an angle of 90◦ and 180◦ with respect to the Stark
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General Valve
Jordan Valve
Nijmegen Pulsed Valve
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solenoid
current loop
Lorentz force

opening
mechanism
80 - 150
50 - 60
15 - 25

opening time
FWHM (μs)
300
25
10 - 15

operating
voltage (V)
1
4000
400 - 1000

operating
current (A)

1.0
0.5
0.5

nozzle
diameter (mm)

4 · 10−5
2 · 10−5
2 · 10−6

Pressure source
chamber (mbar)

Table 3.1: Three different molecular beam sources, and a selection of their characteristics. Pressure source chamber refers
to the typical pressure in the source chamber in our experiments under operating conditions (10 Hz).
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decelerator’s axis, and a VMI detector. This apparatus is schematically shown in Fig.
3.1, and has been described in detail elsewhere [75]. We here only describe the parts
that are most relevant for the studies presented here.
The Stark decelerator is loaded with a molecular beam that is produced in a relatively large source chamber, that is pumped by a 1200 l/s turbo pump. The molecular
beams formed are thus not limited by interactions with the vacuum chambers walls,
or by limited pumping capacity. A 3 mm diameter commercially available skimmer
(Beam Dynamics, model 2) is positioned between the source chamber and the Stark
decelerator. A unique feature of our apparatus is that this skimmer is mounted on
a movable gate valve [88], such that the source chamber can be vented without the
need for breaking the vacuum in the remainder of the apparatus. This ensures the fast
exchange of valves or adjustment of valve-to-skimmer distance.
Either a JV or a NPV is used to produce the molecular beam. Both valves are
mounted in a cylindrical tube, which is inserted in a cylindrical donut-shaped bracket
that is suspended inside the source chamber. This bracket is aligned with respect to
the skimmer and axis of the Stark decelerator, and ensures that valves are positioned
correctly and reproducibly. The distance between valve oriﬁce and skimmer can be
varied between 2 cm and 20 cm, and is adjusted by simply moving the tube inside the
bracket.
In this work, mostly ND3 molecules are used, as this molecule is amenable to the
Stark deceleration technique, and is a stable gas. Molecular beams of ND3 can thus
be produced by simply seeding small amounts of ND3 in a carrier gas, without the
need for production methods that can disturb the beam such as photodissociation or
dissociation in a discharge. In a limited number of experiments that involve VMI,
NO radicals are used. The quantum state for ND3 and NO that is selected by the
Stark decelerator is the upper inversion level of the |JK  = |11  state, and the upper
Λ-doublet level of the X 2 Π1/2 , J = 1/2 state, respectively.
The 2.6 meter-long Stark decelerator consists of 317 pairs of high-voltage electrodes that are placed horizontally and vertically in an alternating fashion [31]. The
electrodes are spaced (center-to-center) 8.25 mm with respect to each other in the
longitudinal direction, and they leave a 3 × 3 mm2 opening for the beam to pass. All
electrodes that are mounted in a certain direction are connected to each other such
that the decelerator is operated with only four independent high voltage switches.
The operation and characterization of a Stark decelerator has been described in detail
before [79], and will not be repeated here. The Stark decelerator is operated in the
s = 3 mode [78] throughout, and a voltage difference of 30 kV is applied between
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decelerator

ion optics
laser
c
s

laser
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s
Nijmegen
Pulsed Valve

Jordan Valve

Fig. 3.1: Schematic representation of the experimental set-up. A pulsed beam of ND3 or
NO molecules seeded in Ar, Kr or Xe is produced by either a Jordan Valve or a Nijmegen
Pulsed Valve and loaded into the Stark decelerator. After passing through this 2.6 meter-long
Stark decelerator, of which only the last section is shown, the molecules are detected in the
interaction region using REMPI. A one-color (2 + 1) or a two-color (1 + 1’) REMPI scheme is
used to detect ND3 or NO, respectively. The microchannel plate detector can either be used to
record the integral ion signal, or to record the velocity of the molecules using VMI. Molecular
beams produced by a Jordan Valve and a Nijmegen Pulsed Valve are available at an angle of
90◦ and 180◦ with respect to the Stark decelerator, respectively. Both beams are collimated
by a skimmer (s) and a collimator (c). These beams allow for scattering experiments, but in
this study they are used to characterize the velocity distribution of the conventional beams.

opposing electrodes. A phase angle of φ0 = 0◦ is used to guide the beam through the
decelerator at constant speed; deceleration occurs for φ0 > 0◦ .
The packet of molecules emerging from the decelerator is detected using REMPI
at a distance of 72 mm from the exit of the decelerator. For ND3 , we use a one-color
(2 + 1) REMPI scheme at a wavelength around 317 nm. A commercially available
dye laser is used to generate light at the appropriate wavelength. Typically, the dye
laser produces an energy of around 15 mJ per pulse in a 4 mm diameter spot, while the
laser is focussed into the interaction region by a spherical lens with a focal length of
43 cm. For NO, we use a two-color (1 + 1’) REMPI scheme that allows for the ionization of NO molecules at the energetic threshold. This is essential for high-resolution
measurements of the beam velocity distribution using velocity map imaging [58, 75].
A set of ion optics consisting of a repeller, an extractor and a grounded plate is
used to accelerate the ions towards a microchannel plate detector (MCP) connected
to a phosphor screen. The ions can be detected in two different ways. In the ﬁrst, the
output of the MCP detector is directly connected to a digital oscilloscope to record
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the integral ion signal. In this mode of detection, the voltages on repeller and extractor plates are chosen such that the ion signal is dispersed over a large area on
the MCP to reduce possible detector saturation effects. This method is most suited to
compare signal intensities. In the second, the repeller and extractor voltages are tuned
to velocity mapping conditions, and two-dimensional images of the ion arrival positions are recorded using the phosphor screen and a CCD camera. This VMI mode of
detection allows for direct measurements of beam speeds and velocity distributions
[16, 75].
Additional molecular beam sources are installed at crossing angles of 90◦ and
◦
180 . At 90◦ a JV is mounted, whereas a NPV is used at 180◦ . Both beam sources are
separated from the interaction region by 2 mm diameter skimmers (Beam Dynamics,
model 2) that are mounted at a distance of 87 mm from the interaction region. This
conﬁguration allows a direct comparison between the conventional beam pulses and
the pulses that emerge from the decelerator.

3.3.1

Procedures to optimally load the molecular beam into the decelerator

To appreciate the various aspects that play a role when coupling the beam into the
decelerator, we ﬁrst discuss the operation principles of the Stark decelerator using the
schematic representation in Fig. 3.2. It is instructive to use phase-space coordinates
in the discussion, i.e., the position (z) and velocity (vz ) of particles in the longitudinal
direction. A proper discussion on the operation principles of Stark decelerators, and
an introduction to the relevant terminology such as phase angle φ0 and synchronous
molecule can be found elsewhere [77, 79]; we here restrict ourselves to the most basic
concepts only.
The solid lines indicate the trajectories in phase-space that molecules will follow
if the decelerator is operated using φ0 = 0◦ (left panel) or φ0 = 70◦ (right panel).
Closed curves in the phase-space diagram correspond to bound orbits, i.e., molecules
within the ’bucket’ or ’phase ﬁsh’ bound by the thick contour (called ’separatrix’)
will oscillate around the synchronous molecule and are kept together [89]. These
molecules are selected by the decelerator from the molecular beam pulse, and transferred to the ﬁnal velocity at the end of the decelerator. This process occurs without
losing any molecules in this bucket, and without the usual spreading of the molecules
during the time they spend inside the decelerator. Note that since in a Stark decelerator all electrodes are coupled to each other, there is a series of buckets spaced by
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twice the distance between adjacent electrodes. For the decelerator used in this work,
this distance is 16.5 mm.
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Fig. 3.2: Schematic representation of the longitudinal phase-space acceptance of a Stark
decelerator for guiding (φ0 = 0◦ , left) and deceleration (φ0 = 70◦ , right). The area in phasespace that is occupied by the molecular beam pulse at the entrance of the decelerator is
schematically represented by the tilted red ellipse.

The beam of molecules exiting the valve and passing the skimmer will occupy a
certain area in phase-space. This area is schematically illustrated in Fig. 3.2 by the
red ellipsoid. We here only discuss the situation in which the molecule of interest
is a stable gas, i.e., the molecules are not produced at a well-deﬁned time by a laser
or discharge pulse. The exact shape of this area then strongly depends on the valve
used: in the z direction, the width of the area is roughly determined by the opening
time τ of the valve multiplied by the mean speed v0 of the beam. The longer the valve
emits molecules, the wider the distribution will be. In the vz direction, the width is
determined by the velocity distribution of the molecules. Note that the ellipsoid is
drawn slightly tilted to represent the evolution of the phase-space distribution in the
free ﬂight region between valve oriﬁce and entrance of the Stark decelerator [79].
Optimal loading of the beam pulse into the decelerator is achieved if (i) the mean
speed v0 of the beam coincides with the central speed of the ﬁrst bucket, and (ii)
the decelerator is switched on when the most intense part of the beam has reached
the center position z0 of the ﬁrst bucket. To experimentally ﬁnd both parameters,
and to select the appropriate timings and trigger pulses in the experiment, can be less
straightforward than one may think. The largest uncertainty originates from the beam
source itself. It is usually unknown at which time with respect to the valve trigger
pulse the molecules are emitted from the valve. In addition, the ﬁnal mean velocity
of the beam is usually only reached at a signiﬁcant distance from the nozzle (often
only even after passage through the skimmer). In addition, the valve may produce a
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gradient in beam speeds over the valve temporal opening proﬁle.
We therefore here describe a protocol to experimentally determine the correct
timings, such that the pulse of molecules is optimally loaded into the ﬁrst bucket. This
protocol will also serve as an excellent proxy for the characteristics of the molecular
beam pulse emitted from the valve. The protocol is further illustrated by experimental
data on the guiding (φ0 = 0◦ ) and deceleration (φ0 = 50◦ ) of ND3 molecules seeded
in Kr using an NPV. For this, the decelerator is programmed to select a packet of
molecules with an initial velocity of 435 m/s, whereas the molecules emerge from
the decelerator with a ﬁnal velocity of 435 m/s and 313 m/s, respectively.
The relevant distances in the experiment are deﬁned in Fig. 3.3a, together with
a schematic representation of the trigger scheme in the experiment in panel b. The
distance between valve oriﬁce and Stark decelerator is denoted by L1 , the decelerator
itself has length L2 , and the distance between exit of the decelerator and interaction
region is given by L3 . In the most basic trigger scheme, the experiment only involves
three timings. We deﬁne the trigger pulse to open the valve as t = T0 . The ﬁrst high
voltage pulse to the Stark decelerator is then applied at t = Tinc . It is convenient to
apply the burst sequence at the time when the synchronous molecule has reached the
center of the ﬁrst electrode pair. We refer to this time as the incoupling time. The
Stark decelerator itself is operated by applying a burst of high voltage pulses to the
electrodes through a programmable pulse generator. The burst itself is pre-calculated,
and cannot (and should not!) be optimized during the experiment. Finally, the laser is
ﬁred at time t = Tdetect , leaving a time difference ΔT f f between the laser trigger pulse
and the time To f f at which the last high voltage pulse of the decelerator is switched
off. During this time, the molecules propagate in free ﬂight with the ﬁnal velocity
that was obtained in the last stage of the decelerator.
The ﬁrst task is to obtain a rough estimate of the mean beam speed v0 . This is
most easily determined by measuring the arrival time distribution of the beam in free
ﬂight, i.e., no voltages are applied to the decelerator, and the signal on the detector
is recorded as a function of Tdetect . This ensures that the beam is measured with no
distortions originating from the switched electric ﬁelds. It is noted that if the length
of the decelerator does not allow for such free ﬂight measurements, a DC voltage of a
few kV can be applied to the decelerator to raise signal levels. A time-of-ﬂight (TOF)
proﬁle for ND3 seeded in Kr is shown in panel c. The beam arrives about 6.6 ms after
T0 , and the arrival time distribution has a width (FWHM) of about 12%. From the
mean arrival time, and the known dimensions of the experiment, a ﬁrst rough estimate
of the mean beam speed v0 is obtained.
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Fig. 3.3: Schematic representation of the relevant distances in the experiment (a) together
with a schematic representation of the trigger scheme (b) needed to synchronize the experiment. c Arrival time distribution of ND3 seeded in Kr at the detector, when the beam propagates in free ﬂight from the source to the detector. Time-of-ﬂight (TOF) distribution and
Incouple Time Scan (ITS) when this beam is guided at constant speed (d) or decelerated (e).
See text for details.
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The protocol starts with applying a time sequence to the decelerator based on v0
and φ0 = 0◦ , and by conﬁguring the trigger scheme such that the laser trigger pulse
is deﬁned with respect to Tinc , rather than T0 or To f f . In the remainder of this chapter,
we therefore refer to TOF as the time difference between Tdetect and Tinc , i.e, the
TOF is the time needed to propagate from the entrance of the Stark decelerator to
the interaction region, independent of the time spent in the source region. The value
for ΔT f f is calculated from the ﬁnal velocity of the packet – which is again v0 for
φ0 = 0◦ – and the known distance L3 . The advantage of linking the laser trigger to
Tinc is that now Tinc can be scanned with respect to T0 . Referring back to Fig. 3.2,
such a scan effectively moves the buckets along the z-axis. Since the laser trigger
pulse was already synchronized to the burst sequence (and thus ﬁnal velocity of the
packet), a large signal should appear on the detector whenever the beam overlaps with
the ﬁrst bucket. We refer to such a scan as incouple time scan (ITS). Such an ITS
for a time sequence with v0 = 435 m/s and φ0 = 0◦ is shown in the inset to panel d.
The distribution is symmetric, and has a width (FWHM) of 33 μs. This width results
from a convolution of bucket size and the spatial extent of the beam at the entrance
of the decelerator (see also Fig. 3.2). From this, we can estimate τ ∼ 15 − 20 μs for
the NPV.
The second step of the protocol is to select the optimal value of Tinc from the
ITS, and to record a TOF as is shown in panel d by scanning Tdetect with respect to
Tinc . If the rough estimate of v0 indeed represents the mean velocity of the beam, a
symmetric TOF should result, featuring a central intense peak and a series of small
wiggles on either side of the central peak. A detailed interpretation of this structure
is given elsewhere [79]. If the TOF is not symmetric, i.e., there is substantially more
signal intensity on one side of the central peak, the protocol must be repeated using a
new value of v0 until a symmetric TOF is obtained. This procedure will result in the
optimal selection of v0 and Tinc .
In the third step of the protocol the molecules are decelerated by simply applying
a burst sequence pertaining to v0 and φ0 > 0◦ to the decelerator. Again, ΔT f f is
calculated from the exit velocity and L3 . To record an ITS, Tdetect is ﬁxed based on
the calculated time the molecules spend inside the decelerator, and the calculated
value for ΔT f f ; to record a TOF, Tdetect is scanned with respect to Tinc . The resulting
ITS and TOF for φ0 = 50◦ are shown in panel e. Clearly, a packet of molecules is
selected from the molecular beam pulse, is decelerated, and arrives in the interaction
We cannot stress enough the importance of an accurate calibration of the distance L3 in the apparatus. Without it, the protocol is much more difﬁcult to implement!
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region at later times. The ITS is slightly asymmetric and has a width of only 25
μs, reﬂecting the asymmetry and reduced size of the bucket compared to φ0 = 0◦ .
Note that the maximum in the ITS for φ0 = 0◦ and φ0 = 50◦ is found at almost the
same time. This is the consequence of our choice to deﬁne Tinc as the time when the
synchronous molecule has reached the ﬁrst electrode pair.
Since in the collision experiments described in this thesis, only guiding mode
(φ0 = 0◦ ) of Stark decelerator is used, we focus exclusively on the optimization of the
molecular beam source with the guiding mode of Stark decelerator in the remainder
of this chapter.

3.3.2

Inﬂuence of opening time on time-of-ﬂight proﬁles

In the experimental TOF proﬁles as presented in panels d and e, the selected packet of
molecules is well separated from the remainder of the molecular beam. This is even
the case for the guiding sequence in panel d (φ0 = 0◦ ), where the ﬁnal velocity of the
packet is identical to the mean velocity of the molecular beam pulse. This ’contrast’
is the result of the relatively small value for τ of the NPV.
Indeed, an important criterium for the use of Stark-decelerated beams in crossed
beam scattering experiments is the ability to produce a wide range of velocities with
a TOF contrast that is similar to the ones presented in Fig. 3.3. Let’s therefore have a
closer look at the inﬂuence of the valve opening time τ on the quality of the TOF proﬁles. Fig. 3.4 shows TOF proﬁles that result from numerical trajectory simulations
of different deceleration processes. These simulations pertain to the experimental
conditions as present in the TOFs of Fig. 3.3, i.e., v0 = 435 m/s and φ0 is 0◦ . Three
different valve opening times are used in the simulations: τ = 20 μs (panels a), τ =
50 μs (panels b), and τ = 100 μs (panels c). These are representative values for τ for
an NPV, JV, and GV, respectively.
Clearly, the best contrast in the TOFs is obtained for valves with the shortest
opening times. For large values of τ, the spatial extent of the beam at the entrance
of the Stark decelerator exceeds the size of the ﬁrst bucket. Multiple buckets can be
ﬁlled, resulting in multiple peaks in the TOF. The spatial extent of the beam scales
with v0 τ, such that for v0 = 435 m/s one expects to start ﬁlling the second bucket
when τ > 35 μs. This is indeed seen for τ = 50 μs in Fig. 3.4, where the signature
of the second bucket can be identiﬁed.
For τ = 100 μs, multiple buckets are ﬁlled and the TOFs become progressively
more congested. This has indeed been observed in Stark deceleration experiments
that use a GV as beam source [90, 91]. Whereas for trapping experiments such a
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Fig. 3.4: Simulated time-of-ﬂight proﬁles for ND3 molecules exiting the Stark decelerator
for guiding (φ0 = 0◦ ) when the opening time of the pulsed valve is 20 μs (a), 50 μs (b) or
100 μs (c).

TOF does not necessarily impose a problem (as only a single bucket will be loaded
into a trap), crossed beam scattering experiments may suffer signiﬁcantly from the
reduced contrast.
Based on these considerations, we consider the opening time of a GV too large
for scattering experiments, and the use of this valve as a source for Stark deceleration
experiments should be carefully considered. In addition, from extensive experience
with various types of valves, the GV produces beams with rather low peak intensity.
In the remainder of this chapter, we therefore focus exclusively on the differences
between the JV and NPV.

3.4

Results and discussion
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3.4.1

Time-of-ﬂight proﬁles using a Jordan valve and Nijmegen Pulsed
Valve

We have systematically studied the performance of a JV and NPV as a source for
Stark decelerators by recording series of TOFs following the beam loading protocol
described above. Fig. 3.5 shows a set of TOFs pertaining to guiding when the seed
gases Ar, Kr and Xe are used. The results for a JV and NPV are shown in the left
and middle columns, respectively, whereas the corresponding ITSs are shown in the
right column. The peak positions of the ITSs are shifted with respect to T0 for ease of
comparison. In all TOFs, an intense central peak is observed that contains the guided
bunch of molecules. These peaks show excellent contrast with respect to the signal
intensity on either side of this peak.
It is seen that the JV produces beam pulses with a signiﬁcantly higher mean speed
than the NPV: for Ar, Kr, and Xe mean velocities of 760 m/s, 550 m/s and 450 m/s
are found for the JV, whereas these values amount to 610 m/s, 435 m/s and 360 m/s
for the NPV. This is attributed to the high current pulse that is used to operate the
JV, which signiﬁcantly heats up the valve body and gas reservoir. The mean speeds
that are found when a NPV is used are in better agreement with what one may expect
from a room temperature expansion. Note that in panel (a), the slightly asymmetric
TOF indicates that the selected beam velocity of 760 m/s appears slightly higher than
the mean velocity of the beam.
It can be seen that the experimentally obtained TOFs (red curves) are in excellent
agreement with the results from numerical trajectory simulations (blue curves). For
these simulations, the opening time duration τ of the valve is deduced from the ITS
shown in Fig. 3.5, and amounts to 20 μs and 10 μs for the NPV and JV, respectively.

3.4.2

Characterization of valve opening characteristics

From the contrast observed in the TOFs, we may thus conclude that both the JV
and the NPV will ﬁll only one bucket, and are well suited as a source for Stark
decelerators in crossed beam scattering experiments. Referring back to the ITSs of
Fig. 3.5, however, the value for τ that is found for the JV is much shorter than the
expected 50 - 60 μs from its speciﬁcations. For the NPV, in contrast, the value for τ
closely matches the opening time duration that is expected for this valve.
This apparently surprising result can be explained by the opening mechanisms
of both valves, and the operation principles of the Stark decelerator. The NPV is
activated using only small voltages, and a moderate power of about 1 W is dissipated
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Fig. 3.5: Experimental (red curves) and simulated (blue curves) TOF proﬁles for ND3
molecules exiting the Stark decelerator, when a Jordan Valve (left column) or a Nijmegen
Pulsed Valve (middle column) is used. The Stark decelerator is operated to guide (φ0 = 0◦ ) a
packet of molecules through the decelerator at constant speed, and Ar (panel a - c), Kr (panel
d - f ), or Xe (panel g - i) is used as seed gas. The selected velocity from the molecular beam
pulse, as well as the velocity with which the packet exits the decelerator, is indicated in each
panel. The associated ITSs are shown in the right column (solid line: NPV, dashed line: JV).

in the valve. This results in only a modest change of the beam’s mean speed during
the opening of the valve, i.e., the beam that is formed when the valve just opens
is about the same as the mean speed that is found at later times. This behavior is
very different for the JV. Here, large currents are needed to open the valve, resulting
in signiﬁcant power dissipation (about 20 W) and a hot valve body. Moreover, as
the valve opens, gas ﬂows through the hot current conductors, locally cooling the
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conductors. As a result, the mean speed of the beam shows a strong gradient during
the valve opening time [92]. When the valve just opens, the beam is very fast. The
later the molecules leave the valve, the lower their mean speed will be. The slowest
mean speeds are found when the valve is almost fully closed. Here, beam speeds that
are expected for room temperature expansions are found [92].
This valve opening behavior has large consequences on the operation of Stark
decelerators. Referring back to Fig. 3.2, the Stark decelerator selects the part of the
molecular beam pulse that overlaps with the ﬁrst bucket of the decelerator. In Fig. 3.6
the phase-space distribution of the molecular beam at the entrance of the decelerator
is schematically shown for both valves. The relatively constant mean speed of the
beam during the valve opening pulse for the NPV results in a phase-space distribution
with a position spread that is approximately given by v0 τ. For Ar, Kr and Xe seeded
beams this results in a spatial width of about 12, 9 and 7 mm, respectively, which is
indeed smaller than the spatial dimensions of the decelerator bucket.

b
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Fig. 3.6: Longitudinal phase-space acceptance (white curve) of the Stark decelerator for
φ0 = 0◦ , together with a schematic representation of the phase-space area of the molecular
beam pulse at the entrance of the Stark decelerator for a Nijmegen Pulsed Valve (a) and a
Jordan Valve (b).

For the JV, however, the strong gradient in v0 results in a strongly tilted phasespace distribution. It is noted that this tilt is not the consequence of propagation of
the beam in free ﬂight to the entrance of the decelerator; the tilt is mainly due to
the opening characteristics of the valve itself. The spatial distribution of the beam
within the ﬁrst bucket is therefore (much) narrower than the spatial distribution of
the molecular beam itself, i.e., the temperature gradient during valve opening causes
a strong correlation between speed and position of the molecules at the entrance of
the decelerator. This correlation results in an underﬁlling of the ﬁrst bucket at the
selected mean velocity. This in turn causes a rather narrow temporal distribution
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when an ITS is measured. We thus conclude that the performance of a JV as a source
for Stark decelerators is best described using an effective opening time τ that is much
smaller than the actual opening duration of the valve.
This interpretation is supported by additional measurements on the beam speeds
for both valves using VMI. For this, an additional JV or NPV is used without the
decelerator such that the beam is detected directly behind the skimmer (see Fig. 3.1).
In these measurements we use NO radicals instead of ND3 , as NO can be ionized
at threshold such that the mean speeds and velocity distributions can be measured
accurately with VMI [58].
In Fig. 3.7, the arrival time distributions are shown for beams of NO seeded in
Ar when the NPV (left panel) or the JV (right panel) is used. Arrival time distributions with widths (FWHM) of 20 μs and 45 μs are found for the NPV and the JV,
respectively. Clearly, the opening time of the NPV is much narrower compared to
the JV. The mean speed of the molecules along the opening time duration of both
valves is measured by recording the velocity distribution of the NO packets at the
selected arrival times indicated in the ﬁgure. The resulting VMI images, referred to
as beamspots, are shown for both valves in the lower part of Fig. 3.7.
The different behavior of both valves is immediately clear from the series of
beamspots. The mean speed of the packet at the peak of the arrival time distribution
is lower for the NPV (605 m/s) than for the JV (665 m/s). For both valves, the
beginning part of the gas pulse is faster than the trailing part of the pulse. However,
the difference in mean velocity over the temporal duration of the gas pulse is much
smaller for the NPV compared to the JV. Similar behavior for both valves is found
for beams of NO seeded in other rare gas atoms (data not shown).

3.4.3

Intensity of the selected packet

Apart from the contrast obtained in TOF proﬁles, the intensity and state purity of the
selected bunch of molecules is essential to the success of any collision experiment
that is conducted after the deceleration process. We have found that the distance
from the valve to the skimmer should be carefully chosen to obtain optimal beam
densities, in accordance with observations by others [80]. It is noted that we here only
describe the optimal distance for the skimmer that was available to our experiments;
we explicitly emphasize that other skimmer shapes or opening diameters may not
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Fig. 3.7: Arrival time distributions of NO radicals seeded in Ar, produced by an NPV (left)
or JV (right) positioned at a distance of 87 mm from the interaction region. At selected
arrival time positions, indicated by the letters A,B,C (NPV) or a,b,c (JV), the mean speed and
velocity spreads of the packets are measured using velocity map imaging.

necessarily yield identical results .
In the experiment, the valve-to-skimmer distance is easily changed exploiting
our skimmer gate-valve and valve mounting mechanism. The distance can thus be
changed several times a day, and the effect of nozzle-skimmer distance is investigated
under otherwise identical conditions. Peak densities are inferred from selecting the
mean velocity of the molecular beam pulse, and by observing the peak signal intensity
when this bunch is guided through the decelerator at φ0 = 0◦ . We have found that for
We have found indications for skimmer interference effects, even for the largest nozzle-skimmer
distances used.
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the NPV, the nozzle-skimmer distance that yields highest beam densities amounts
to about 18 cm, 13 cm and 11 cm when the carrier gases Ar, Kr and Xe are used,
respectively. For the JV, similar values are found. This trend is rationalized from the
overall decreasing peak densities when these gases are used; skimmer interference
and clogging thus occurs at a larger valve-to-skimmer distance for the more intense
Ar beams compared to less intense Xe beams.
An important question relates to the relative and absolute peak densities of the
packets that emerge from the decelerator. A rule of thumb we ﬁnd in our experiments
is that beams produced using Ar yield about a factor 3 higher peak density compared
to Kr seeded beams, which in turn yield about a factor 4 higher densities compared
to Xe seeded beams. This trend and these ratios are found for both valves. The
overall signal intensities, however, are signiﬁcantly higher for the NPV compared to
the JV: for optimal settings, the NPV yields about a factor 3 larger signal intensities
throughout. This ratio appears rather constant for all gases.

3.5

Conclusions

In this chapter, we have described the requirements for molecular beam sources for
Stark decelerators, in particular for the application of these decelerators in crossed
beam scattering experiments. Apart from the straightforward desiderata such as beam
intensity and rotational cooling, less straightforward requirements on the source exist.
For instance, the selected bunch of molecules must exit the decelerator sufﬁciently
decoupled from the remainder of the gas pulse, for a large range of ﬁnal velocities,
and this imposes stringent demands on the valve opening time duration.
The formation of the source molecular beam therefore deserves special attention
in Stark deceleration experiments. Common wisdom in molecular beam production
methods may not automatically apply to Stark deceleration experiments. The use
of your favorite pulsed valve, although performing well in other molecular beam
environments, should be carefully considered. For instance, in most deceleration
experiments the carrier gases Kr and Xe must be used to reduce the initial speed of
the beam. Under speciﬁc conditions, however, these gases are known to produce
clusters in the supersonic expansion, and some valves may perform poorly with these
carrier gases. The operation conditions of the valves in this study did not result in
any signiﬁcant clustering.
We have systematically investigated the suitability of a JV and NPV as a source
for Stark decelerators, in particular for crossed beam scattering experiments. We have
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described a comprehensive protocol to determine the mean speed of the beam, and
to optimally load the molecular beam pulse into the Stark decelerator. This protocol
is also used to directly infer information on the spatial, velocity and temporal distribution of the gas pulse emitted from the valve. The protocol was applied to calibrate
the performance of the JV and the NPV, using the guiding and deceleration of ND3
in a 2.6 meter-long Stark decelerator as a model system.
Both valves perform well, and are well suited to produce isolated packets of
molecules within a large range of ﬁnal velocities. The opening mechanism of the
JV, however, requires high currents to open the valve. This leads to high mean beam
speeds, and a peculiar correlation between velocity and position of molecules in the
beam pulse. The former can be regarded as a true disadvantage, whereas the latter can
be advantageous to select part of the beam pulse with the decelerator: a correlation
between velocity and position is established at the entrance of the Stark decelerator,
resulting in an effective valve opening time that is much shorter than the actual opening time. The NPV produces beams with a slower mean speed, with a more homogeneous velocity proﬁle, and with temporal durations as short as 20 μs. This opening
time is sufﬁciently short to only ﬁll a single bucket in a Stark decelerator. The peak
number density of the molecular packet exiting the Stark decelerator appears a factor
3 higher for the NPV compared to the JV.
Using an NPV, the packets of ND3 molecules emerging from the decelerator can
be tuned in velocity over a wide range, have a high peak density > 1010 cm−3 , and
a state purity of > 99.5 %. From extensive experience with many different types of
pulsed valves, the NPV at present appears to meet our special requirements best. In
addition, the NPV is easily manufactured at relatively low cost. A disadvantage, however, is that the NPV can at present only be operated at room temperature, although
there appears no inherent limitation to engineer a coolable version of the valve.
We emphasize that our ﬁndings do not qualify or disqualify pulsed valves not
used in this study. The experiments presented here do not include the latest developed piezo activated valves [93] or solenoid valves, for instance. Ultimately, optimally engineered pulsed valves should basically all give the same results: the beam
is determined by the very fast opening and closing of the oriﬁce, through which the
gas should ﬂow into vacuum unrestrictedly. This requires a fast actuator, that displaces sufﬁciently far to ensure unrestricted ﬂow. In this respect, the movement of a
very light strip with the strong Lorentz force, as used in an NPV, meets this requirement at low levels of power dissipation.
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Correlated excitations in similar “rotors” inelastic
collisions

Whereas collisions between atoms and molecules are largely understood,
collisions between two molecules have proven much harder to study.
In both experiment and theory, our ability to determine quantum stateresolved bimolecular cross sections lags behind their atom-molecule counterparts by decades. For many bimolecular systems, even rules of thumb
– much less intuitive understanding – of scattering cross sections are
lacking. This chapter describes the measurement of state-to-state differential cross sections between state-selected and velocity-controlled
nitric oxide (NO) radicals and oxygen (O2 ) molecules. Using velocity
map imaging of the scattered NO radicals, the full product-pair correlations of rotational excitation that occurs in both collision partners from
individual encounters are revealed. The correlated cross sections show
surprisingly good agreement with quantum scattering calculations using
ab initio NO−O2 potential energy surfaces. The observations show that
the well-known energy-gap law that governs atom-molecule collisions
does not generally apply to bimolecular excitation processes, and reveal
a propensity rule for the vector correlation of product angular momenta.

Based on
Observation of correlated excitations in bimolecular collisions, Zhi Gao, Tijs Karman, Sjoerd N. Vogels, Matthieu Besemer, Ad van der Avoird, Gerrit C. Groenenboom, and Sebastiaan Y. T. van de
Meerakker, Nat. Chem. 10, 469-473 (2018)
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4.1

Introduction

For atom-molecule systems, a plethora of experimental methods is available to precisely control the molecule’s initial quantum state [94], velocity [26, 28], as well as
its orientation [95], and to probe the relevant properties after the collision. State-tostate cross sections [96], steric effects [97, 98], as well as vector correlations between
pre and post-collision properties [99–101] can be precisely measured, and in general
show excellent agreement with predictions based on full quantum mechanical calculations. During the last decades, this wealth of experimental and theoretical studies
has revealed how energy and angular momentum is transferred between the collision
partners, although surprising discoveries continue to be made [102]. Sophisticated
qualitative and intuitive models have been developed that explain general trends in
the scattering cross sections, which can also be determined quantitatively by nearexact quantum mechanical treatments.
By contrast, bimolecular inelastic collisions are much less studied, and only little
is known about the rotational excitation process that can occur when two molecules
collide. Other basic questions relating to the amount of energy transferred to each
collision partner and the role of monomer rotational angular momenta are at present
unanswered. For instance, it is unclear if rotational excitation is most likely to occur
in both molecules by equal amounts, or how the sense of rotation of the collision
products are coupled to each other.
Rotational product pair correlations contain a wealth of new information on collision mechanisms and the underlying interactions, and their experimental study will
yield unprecedented opportunities to extend our precise knowledge of atom-molecule
collisions to more complex bimolecular interactions, both on a qualitative intuitive
level and on a quantitative computational level. Yet, formidable challenges exist to
study energy transfer and excitation correlations in bimolecular systems[103], in particular for open shell species such as NO and O2 [46]. On the theoretical side, the
interaction is described by multiple potential energy surfaces (PESs) with nonadiabatic couplings between them. Furthermore, the steep scaling of the computational
effort of quantum scattering calculations impedes numerically exact treatment of bimolecular scattering – which is feasible for atom-molecule systems – especially for
open-shell species with additional electronic and spin degrees of freedom. Experimentally, it is challenging to prepare both molecular reagents with a sufﬁcient density
and state purity to observe excitation in both collision partners. In addition, even if
these conditions are met, it is difﬁcult to probe the correlations between the excita50

4.2. Experiment
tion cross sections. Simply measuring the product states of both species individually
only yields total state-to-state cross sections, but does not reveal information on the
correlations [64].
In this chapter, the measurement of fully resolved rotational product-pairs for inelastic collisions between NO (X 2 Π) radicals and O2 (X 3 Σ−
g ) molecules in a crossed
beam experiment is discussed. We combined Stark deceleration and velocity map
imaging to record state-resolved integral and differential cross sections with an exceptional resolution [58, 60], which allowed us to fully resolve multiple concentric
rings in the scattering images pertaining to the correlated rotational excitation in both
molecules. Trends in the intensities of product-pair excitations reveal rules of thumb
for bimolecular excitations in this system, akin to the well-known energy-gap law
that applies to atom-molecule collisions. The observations are understood in terms of
short-ranged head-on and long-ranged glancing collision mechanisms, and a propensity rule for the vector correlation of fragment angular momenta is discovered. The
pair correlated integral and differential cross sections show excellent agreement with
the cross sections from quantum mechanical coupled-channels scattering calculations
based on high-level ab initio PESs.
We chose collisions between NO and O2 radicals as a model system for several
reasons. The NO radical, in its 2 Π electronic ground state, has been a benchmark
system for rotational energy transfer studies for decades. The rotational constant of
the O2 molecule in its 3 Σ ground state is similar to that of NO, such that rotational
excitation in one species is likely to be accompanied by rotational excitation in the
other. Rotationally inelastic scattering between NO and O2 has been studied in several crossed beam experiments in which NO product state and angular distributions
were measured [69, 104], aiding our search for pair correlations. Furthermore, the
energetic spacing between rotational levels is sufﬁciently small that many correlated
excitations may be expected, and sufﬁciently large that all scattering channels can be
resolved using the Stark decelerator.

4.2

Experiment

The experimental set-up was described in detail in Section. 2.1.2; we only give a
brief description here. The rotational energy level diagrams of both NO and O2 are
shown in Fig. 4.1a. The rotational levels of NO and O2 are labeled by the quantum
number jNO and NO2 , respectively, that are further split into a nearly-degenerate Λdoublet (for NO, labeled e and f ) and closely spaced ﬁne-structure components (for
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O2 , labeled jO2 ). A Stark decelerator was used to prepare monochromatic packets
of state-selected NO [X 2 Π1/2 , v = 0, jNO = 1/2, f , referred to hereafter as (1/2 f )]
radicals with a velocity of 450 m/s and negligible velocity spread. A beam of neat
O2 molecules with a velocity of 700 m/s and a velocity spread of 50 m/s (FWHM)
was produced using a room temperature Even-Lavie valve. The collision angle is
45◦ , results in collision energy is 160 cm−1 , and energy spread is 20 cm−1 . The state
purity of the NO radical beams was discussed in Section. 2.1.1, before the collision,
> 99% of the NO radicals reside in the (1/2 f ) level.
The O2 beam was produced by expanding pure O2 with a backing pressure of 5
bar into vacuum using a room temperature Even-Lavie valve [80]. In order to determine the initial rotational state’s distribution of the O2 pulsed beam, a (2 + 1) REMPI
spectrum of O2 was measured. Fig 4.1b compares the (2 + 1) REMPI spectrum measured to simulations using P GOPHER [105] using a rotational temperature of 4K. The
O2 (X 3 Σ−
g ) rotational energy levels are split by spin-spin and spin-rotation coupling
[106]. This lifts the degeneracy of the ﬁne-structure states labeled by the total angular
momentum quantum number jO2 = NO2 − 1, NO2 , and NO2 + 1, which arises as the
vector sum of rotational and electronic spin angular momenta, jO2 = NO2 + SO2 .
From the comparison of the measured and simulated REMPI spectra, one can
conclude that the O2 molecules emerge from the Even-Lavie valve predominantly
reside in the rotational state NO2 = 1. The population of the ﬁne-structure levels
jO2 = 0, 1, 2 follows a Boltzmann distribution


Ej
Pj = (2 j + 1) exp −
/Q,
kT
(4.1)
Q = ∑ Pj
j

where the temperature T = 4 K, k is the Boltzmann constant, and Q is the partition
sum. In the above, Pj , E j , and 2 j + 1 are the population, energy, and degeneracy
of the jO2 = j level, respectively. The resulting populations of jO2 = 0, 1, 2 are
23%,18%, and 59%, respectively.

4.3
4.3.1

Results and discussion
Scattering images

Scattering images (shown in Fig. 4.2) were measured for excitation of NO into eight

= 1/2 to 13/2. For each ﬁnal state probed, a set of
ﬁnal states, ranging from jNO
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Fig. 4.1: Left: Rotational energy level diagrams of NO and O2 . Each rotational level in NO
and O2 is labelled by the quantum number jNO and NO2 , respectively. Due to nuclear spin
statistics of the two identical O atoms, only levels with an odd value for NO2 exist. The Λdoublet splitting of each rotational level in NO and the spin-orbit splitting of each rotational
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Experimental REMPI spectrum of O2 , Sim: Pgopher simulated REMPI spectrum of O2 .
Assignment of the peaks are indicated by the value above the peaks. J is the total molecular
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four concentric rings was observed corresponding to different excitations of the O2
collision partner to various levels NO 2 . Excitations to individual ﬁne structure com ) could not be resolved, but the signature of j  -resolved cross sections
ponents ( jO
O2
2
was apparent in the widths and intensities of the different rings (vide infra). The
outer ring with the largest diameter corresponded to scattering events in which the
NO radical was excited but the O2 molecule scattered elastically and remained in the
NO2 = 1 state. The inner rings with decreasing diameters corresponded to excitations
of O2 into the NO 2 = 3, 5, and 7 levels.

4.3.2

 , N  ) scattering cross sections
Correlation between ( jNO
O2

 , N  ) scattering cross sections were investigated furThe correlations between ( jNO
O2
ther from the radial scattering distributions within a narrow window of scattering
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Fig. 4.2: Experimental (Exp) and simulated (Sim) scattering images for the scattering pro ) + O (N  ). Images are presented such that
cesses NO (1/2 f ) + O2 (NO2 = 1) → NO ( jNO
2
O2
the relative velocity vector is directed horizontally, with forward scattered angles positioned
at the right side of the image. Small segments of the images around forward direction are
masked because of the imperfect state selection of NO packet.

angles near forward scattering [see Section. 2.3], where the images showed largest
intensity (Fig. 4.3). In this ﬁgure, the radii of the spheres corresponding to excitation of O2 into the possible NO 2 as predicted from the kinematics of the experiment
are indicated. A strong correlation between excitation of NO and O2 was observed.
54

intensity (a.u.)

0

50
100
150
Radius (pixels)
11/2 e

0

50
100
150
Radius (pixels)

intensity (a.u.)

50
100
150
Radius (pixels)
7/2 f

0

5/2 f

0
intensity (a.u.)

0

50
100
150
Radius (pixels)

7/2 e

3/2 e

intensity (a.u.)

intensity (a.u.)

0

intensity (a.u.)

1/2 e

50
100
150
Radius (pixels)

intensity (a.u.)

intensity (a.u.)

4.3. Results and discussion

13/2 e

50
100
150
Radius (pixels)
9/2 f

0

50
100
150
Radius (pixels)

Exp
Sim

0

50
100
150
Radius (pixels)

Fig. 4.3: Radial intensity distribution of the experimental (red curves) and simulated (blue curves)
scattering images from Fig 4.2. The kinematic cutoff radii for various product-pairs are indicated by
vertical dashed lines.

For the (1/2 f ) to (1/2e) transition in NO, which is energetically elastic as no translational energy is transferred to rotation of the NO radical, the majority of the scattering
ﬂux was found in the outer ring with largest diameter, indicating that the majority of
the O2 molecules also scattered elastically. This is consistent with the well-known
energy-gap law of atom-molecule scattering, which states that cross sections decrease
with the amount of energy transferred. For higher excitations of NO, the intensities
of the inner rings progressively increase and were found to become comparable to or
even exceed the intensity of the outer ring. The correlated excitation cross sections
observed here for NO - O2 seem to violate the energy gap law; strong excitation in
both the NO and O2 molecules is preferred over excitation in one collision partner
only, although the total amount of energy transfer is higher.
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Fig. 4.4: The comparison of angular scattering intensity distribution derived from the experimental (Exp) and simulated (Sim) images. N  is the ﬁnal rotational state of O2 .

4.3.3

Angular distribution

The angular distribution of each of the rings in the scattering images directly reﬂect
the differential cross sections (DCS) of the scattering process [60]. By integrating
the scattering intensity in a narrow annulus close to the rim of the image, the angular
distribution of the scattering images were determined. For all scattering images, an
annulus with the same width was used.
Fig 4.4 and Fig. 4.5 show the comparison of the angular scattering intensity distributions extracted from the experimental images (Exp) and the simulated images
(Sim). It is seen that excellent agreement between experiment and theory is obtained.
For a given ﬁnal state of NO, more and more sideward scattering is observed with increasing excitation in O2 . In the distributions pertaining to NO(7/2 f ), O2 (N=1,3,5),
rainbow features can be seen in the angular scattering intensity distributions.
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Fig. 4.5: Continued ﬁgure of Figure. 4.4

4.3.4

Theoretical analysis

To gain insight into the observed scattering dynamics, a further analysis of the theoretical results is needed. The details of the theoretical calculation and results are
described in Ref. [107], here we only discuss the results.
Opacity functions are shown in Fig. 4.6, from the calculated opacity functions
we could interpret the rigorous quantum scattering calculations in terms of classical
impact parameters, such that one can quantify the contribution of short and longranged collisions. This analysis showed that the inelastic channels where either or
both NO and O2 are excited to higher rotational states are governed by short-ranged
head-on collisions. Cross sections for nearly elastic channels, with low excitation
energies for both NO and O2 , are dominated by long-ranged glancing collisions. Only
this long-ranged contribution follows the energy gap law as its intensity decreases
with the energy transferred to rotation of both NO and O2 . This explains the violation
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of the energy gap law that is observed for highly-excited NO channels. If a highly
excited NO state is probed, the dynamics is short-ranged irrespective of the O2 state
such that the product pair excitations have comparable cross sections and are readily
observed. If a nearly-elastic NO channel is probed, the NO2 = 1 elastic channel has
an additional long-ranged contribution and hence a much larger cross section, such
that inelasticity in O2 only plays a minor role.
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In order to understand what happens in these bimolecular collisions in more detail, we also investigated the relative direction of the pre and post collision rotational
  O as the vecangular momenta. We introduced jAB = jNO + NO2 and j AB = j NO + N
2
tor sum of the monomer angular momenta before and after the collision, respectively,
and calculated partial cross sections restricted to speciﬁc values for the correspond . For the initial states j
ing quantum numbers jAB and jAB
NO = 1/2 and NO2 = 1,
 partial cross sections
the possible values for jAB are 1/2 and 3/2. The jAB → jAB
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 permitted by the trianshowed a strong propensity towards the highest value of jAB

gular inequality (see Fig 4.8 for the jNO = 11/2e state as an example), indicating
that the monomer angular momenta are stretched such that both rotationally excited
molecules exhibit the same sense of rotation after collision. This vector correlation
can be understood classically, as equal and opposite forces acting on the atoms that
approach most closely exert equal torques on both molecules (see Fig 4.8), independent of whether the forces are attractive or repulsive. This result does not imply
orientation nor alignment of the individual fragments, but constitutes a vector correlation between fragment angular momenta.
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Fig. 4.8: Partial cross sections jAB = 1/2 → jAB
AB = 3/2 → jAB (b) pertaining

to the scattering process NO (1/2 f ) + O2 (NO2 = 1) → NO ( jNO = 11/2e) + O2 (NO2 ). c
Schematic of two diatomic molecules that approach each other with relative velocity v and
B .
A and F
impact parameter b in a coplanar geometry, and that interact with repulsive forces F

4.4

Conclusions

Our experiments show that energy transfer processes for bimolecular collisions can
now be studied with resolutions necessary to probe correlated excitation processes.
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4.4. Conclusions
As a ﬁrst foray into this ﬁeld, our joint experimental and theoretical study on rotational energy transfer between state-selected NO and O2 molecules has proven the
ideal model system to unravel how excitations between two colliding molecules are
correlated, both in terms of the amount of energy transferred, and in terms of vector correlations of the angular momenta. The success attained here implies that experiments on a wide variety of bimolecular systems can now be performed. This
yields unprecedented opportunities to study scattering processes not occurring in
atom-molecule collisions, such as resonant energy transfer processes between energetically near-degenerate levels, or the stereodynamics of mutually oriented systems.
Ultimately, the ability to monitor bimolecular collisions with resolutions as demonstrated here allows us to extend our near-perfect understanding of atom-molecule
interactions to bimolecular systems.
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Correlated excitations with diﬀerent spin-orbit
transitions of NO

5

In this chapter, we present a study of inelastic scattering of NO(X 2 Π1/2 , j =
−1
1/2 f ) with O2 (X 3 Σ−
g ) molecules at a collision energy of 480 cm . The
high collision energy allows for the excitation into relatively high ﬁnal
states of the NO radical, for both spin-orbit conserving and spin-orbit
changing collisions, thereby extending our work at a lower collision energy presented in the previous chapter. The experimental results are in
excellent agreement with the results of simulations based on quantum
scattering calculations. Trends in the pair-correlated cross sections are
discussed by analyzing the scattering wave functions from the quantum
scattering calculations.
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5.1

Introduction

As is well-known from studies of RET in collisions between NO and rare gas atoms
or simple molecules [47–60, 102, 104, 108–110], the interaction between NO and
rare gas atoms is governed by two non-adiabatically coupled PESs. Spin-orbit conserving F1 → F1 transitions probe the average of the two PESs, whereas spin-orbit
changing F1 → F2 transitions are governed by the difference of the two PESs[19, 21,
48, 111]. As an extension of the study described in Chapter 4, the collision dynamics
of NO + O2 at a higher collision energy of 480 cm−1 is described in this chapter.
At such high collision energy, the excitations of NO to higher rotational states can
be probed. Furthermore, we study rotational excitation of NO within the X 2 Π1/2
(F1 ) manifold, but we also study spin-orbit changing transitions to the X 2 Π3/2 (F2 )
manifold that is located 123 cm−1 above the F1 manifold. For all transitions, VMI
images are recorded in which individual rings pertaining to NO-O2 product-pairs are
clearly resolved. The experimental results are in excellent agreement with the cross
sections derived from quantum scattering calculations. From these calculations, we
can rationalize trends that are observed in the pair-correlated cross sections.

5.2
5.2.1

Results and discussion
Spin-orbit conserving transitions of NO

Fig. 5.1 displays the experimental and simulated VMI images of NO molecules for

= 17/2 was
spin-orbit conserving (F1 → F1 ) transitions. Excitation of NO up to jNO
probed. Both ﬁnal states of e and f parity were probed, in so far as isolated REMPI
transitions were available to probe these levels. All images are presented such that
the forward direction appears on the right-hand side of the images. For low values of
 , small segments of the images around the forward direction are masked because
jNO
of the imperfect state selection of NO packet. It is seen that multiple rings are clearly
resolved in all images. Furthermore, the relative intensity of the rings in each image
 . For j 
depend strongly on jNO
NO ≤ 7/2, the inner rings in the images are much
weaker than the outermost ring, indicating that elastic scattering of O2 is preferred
 , the inner rings become more
over inelastic scattering. For higher values of jNO
intense and inelasticity in O2 gains importance.
Overall, the experimental images show excellent agreement with the simulated
images, both in terms of the relative intensities of the rings and in terms of the angu64
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Fig. 5.1: Experimental (Exp) and corresponding simulated (Sim) images for the spin-orbit
conserving (F1 → F1 ) collisions of NO with O2 . Images are presented such that the forward
direction appears on the right-hand side. Small segments of the images around the forward
direction are masked because of imperfect state selection of the NO packet.

NO( 1/2f, F1) , O2(N = 1)

Exp

3/2e

5

Sim

Int (a.u.)

NO(' j, F1 ), O2(N' )

5/2e

5/2f

7/2e

7/2f

9/2e

9/2f

11/2e

13/2e

13/2f

15/2e

200

300

400 200

Radius (pixels)

15/2f

300

400 200

300

400 200

Radius (pixels)

Radius (pixels)

17/2f

300

400

Radius (pixels)

Fig. 5.2: Radial distributions derived from the experimental (Exp) and simulated images
(Sim) from Figure 5.1.
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lar distributions. This is quantiﬁed further by the radial proﬁles presented in Fig. 5.2,
and by the angular proﬁles presented in Fig. 5.3. For the latter, we only present the
angular distributions for the NO2 = 1 → NO 2 = 1 outer ring, as for a given value for
 , we observe only marginal differences in the angular distributions of the different
jNO
rings. In the radial distribution for the 11/2e channel, one can observe an additional
outer ring which is not present in the simulations. This additional ring is an experimental artefact that is caused by partially overlapping REMPI transition probing the
5/2 f level. It is noted that our simulations exclude excitations of O2 into the NO 2 = 9
and 11 levels (the channels with NO 2 = 9 and 11 are also energetically accessible in
the experiment, but their inclusion in the scattering calculations was not considered,
as this would hugely increase both CPU time and memory requirements), and they
exclude the ﬁne-structure splitting of the O2 transitions. The latter one causes the radial proﬁles to be consistently broader in the experimental results when compared to
the simulations. From the radial and angular distributions, interesting trends can be

discerned. As jNO
increases, inelasticity in O2 indeed gains signiﬁcant importance,
as was already apparent from visual inspection of the images in Fig. 5.1. In addition,
the angular distribution shifts from forward scattered to sideways scattered. This can
be understood by a simple classical picture of RET, where low amounts of RET are
associated with higher impact parameter, b, that tend to be forward scattered, while
higher amounts of RET associated with smaller b tend to lead to sideways or back
ward scattering. Note that for certain ﬁnal jNO
states, a pronounced rainbow feature
is observed that is in good agreement with theoretical predictions.

5.2.2

Spin-orbit changing transitions of NO

We now turn to spin-orbit changing F1 → F2 transitions. Fig. 5.4, 5.5 and 5.6 show
the experimental and simulated scattering images, the radial distributions, and the
angular distribution of the outermost NO2 = 1 → NO 2 = 1 ring, respectively, for F1 →
 . As for the spin-orbit conserving F → F transiF2 transitions as a function of jNO
1
1
tions, the agreement between the experiment and simulation is excellent throughout.
Similar trends are observed for F1 → F2 transitions compared to F1 → F1 transitions.
Excitation of O2 becomes stronger as the ﬁnal rotational quantum number of NO,
 , increases. The angular distribution of the scattered NO molecules shift from
jNO

increases. Rainbow features, however, are not
forward to sideways scattered as jNO
observed for the scattering channels investigated here.
Although the F1 → F1 and F1 → F2 transitions show similar trends as a function
 , it is worth noting that spin-orbit changing transitions require more energy
of jNO
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Fig. 5.3: Angular distributions derived from the experimental (Exp) and simulated images
(Sim) from Figure 5.1. Only the distributions for the outermost rings are shown, corresponding to elastic NO2 =1 → NO 2 =1 collisions.
 -j
transfer for excitations with the same Δ j = jNO
NO when compared to spin-orbit
conserving transitions. This offers the intriguing possibility to investigate whether
the observed trends are governed predominantly by the transfer of angular momentum or rotational energy. Consider excitation to the rotational states 17/2 f ,F1 and
5/2 f ,F2 of NO. These states are almost energetically degenerate, although there is
a signiﬁcant difference in the angular momenta. The scattering images pertaining
to these ﬁnal states differ qualitatively signiﬁcantly. For excitation to the 17/2 f ,F1
level, O2 , scatters inelastically and the inner rings carry high intensity. By contrast,
for excitation to the 5/2 f ,F2 level, O2 scatters predominantly elastically and the inner
rings are less intense.

5.2.3

Interpretation

As described in Chapter 4, from the scattering calculations we analyze the opacity
functions, which contain information on the range at which transitions occur, and the
vector correlation of the angular momenta of the collisionally excited molecules. In
67

5

Chapter 5. Correlated excitations with different spin-orbit transitions of NO

3/2e
NO( 1/2f, F1 )

5/2e

5/2f

Exp
100%

NO( j,' F2 )

Sim

700 m/s

7/2e

9/2e

9/2f

11/2e

11/2f

11/2f

Exp
0%

Sim

Fig. 5.4: Experimental (Exp) and corresponding simulated (Sim) images for the spin-orbit
changing (F1 → F2 ) collisions of NO with O2 . Images are presented such that the forward
direction appears on the right-hand side.
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Fig. 5.6: Angular distributions derived from the experimental (Exp) and simulated images
(Sim) from Fig. 5.4. Only the distributions for the outermost rings are shown, corresponding
to elastic NO2 =1 → NO 2 =1 collisions.

this section, we focus on the differences between spin-orbit conserving and changing
transitions of NO, as these were not discussed in Chapter 4.
Opacity functions

5

The opacity function is deﬁned as
P(i→f ) (b) =

k ()
,
σ
2πb (i→f )

(5.1)
()

where b = /k is the classical impact parameter and σ(i→f ) is the contribution of a
single partial wave, , to the cross section for the transition from initial state i to ﬁnal
state f . The total cross section is given by
σ(i→f ) = 2π

 ∞
0

P(i→f ) (b) b db,

(5.2)

in the classical limit of continuous b, such that the opacity function, P(i→f ) , can
be thought of as the probability of a transition i → f for a collision occurring with
well-deﬁned classical impact parameter, b.
Fig. 5.7 shows the opacity plots for various spin-orbit conserving transitions of

NO and the product pairs NO 2 = 1, 3, 5, 7. For nearly elastic transitions, for both jNO
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Fig. 5.7: Opacity plots for O2 (NO 2 = 1, 3, 5, 7) and ﬁxed NO ﬁnal states in the F1 , i.e., for
spin-orbit conserving transitions, as labeled in each panel.

and NO 2 , there is a dominant contribution to the cross section by impact parameters larger than the classical turning point of the interaction potential, which occurs
around 7 a0 . That is, the cross section is dominated by rotational excitation in glanc and N  increases,
ing collisions, rather than head-on collisions. As either or both jNO
O2
the collision mechanism becomes more short ranged, and the cross section is dominated by impact parameters b  7 a0 for which the molecules collide head on. This
is completely consistent with our previous study at lower collision energies descried
in Chapter 4.
Fig. 5.8 shows similar opacity plots for spin-orbit changing transitions to the

NO F2 manifold. In this case, even for low jNO
and NO 2 , the cross sections are
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dominated by short-ranged collisions with impact parameters b  7 a0 . This represents a surprising result as it shows that the range of the collision mechanism is
governed by the amount of energy transferred, rather than by the amount of angular
momentum transferred. The latter may have been expected as long-range interactions correspond to low rank terms in a tensorial expansion of the PES, and hence
directly drive transitions with small changes in the monomer angular momenta only.
In addition, the qualitative comparison between the channels that excite NO to the
near-degenerate 17/2 f ,F1 and 5/2 f ,F2 levels, as described above, would have suggested that the amount of angular momentum transferred is more important than the
amount of energy transferred.
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Vector correlations of ja and jb
We furthermore analyze the vector correlation of the angular momenta of the collisionally excited molecules. As described in Chapter 4, this is accomplished by
 , the ancomputing partial cross sections restricted to speciﬁc values for jAB and jAB
gular momentum quantum numbers associated with jAB = jA + jB , the vector sum
of the monomer angular momenta. In the initial state, jNO = 1/2 and NO2 = 1 such
that jAB is limited to the values jAB = 1/2 and 3/2, by the triangular inequality. In
the ﬁnal state, the monomer angular momenta are larger and the quantum number

min = | j  − N  | and j max = j  + N  . If j 
takes values between jAB
jAB
NO
O2
NO
O2
AB assumes
AB
its maximum value, the monomer angular momenta are stretched or parallel to each
 assumes its minimum value, the monomer angular momenta are
other, whereas if jAB
anti-parallel. We note that this is a vector correlation of both monomer angular momenta relative to each other, but does not imply that either of the monomer angular
momenta is oriented nor aligned with respect to the scattering axis.
 -restricted cross sections, for j
Fig. 5.9 shows the jAB and jAB
AB = 3/2 as a func
tion of jAB , for various spin-orbit conserving transitions of NO. The partial cross

permitted by the trisections are clearly peaked towards the highest value of jAB
angular inequalities. This implies that there is a vector correlation of the monomer
angular momenta such that the cross sections are dominated by stretched excitedstate monomer angular momenta, which was also found at lower collision energies
as described in Chapter 4.
 -restricted cross sections, for j
Fig. 5.10 similarly shows the jAB and jAB
AB = 3/2

as a function of jAB , for various transitions to the F2 spin-orbit manifold of NO. In
this case, the cross sections show no clear propensity for stretched monomer angular

is seen to dominate the cross section. This
momenta, and no single value of jAB
behavior is expected as the above explanation – like torque induced by interactions
acting on the point of closest approach – applies to pure rotational excitation. Instead,
spin-orbit changing transitions are driven by the off-diagonal potential, which couples
the Λ = ±1 NO substates, and is induced by non-adiabatic coupling between these
asymptotically-degenerate substates.

5.3

Conclusions and outlook

In this chapter, we have presented high-resolution measurements of product pairs in
inelastic collisions between state-selected NO radicals and O2 molecules at a colli72
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Fig. 5.9: Normalized partial cross sections for jAB = 3/2 as a function of jAB

correspond to a ﬁxed NO state and shows data for the four O2 ﬁnal states NO2 = 1, 3, 5, 7. All
NO ﬁnal states shown in this ﬁgure correspond to the F1 spin-orbit manifold, i.e, this ﬁgure
shows spin-orbit conserving transitions.

sion energy of 480 cm−1 . Both spin-orbit changing and spin-orbit conserving scattering channels were studied for a large number of ﬁnal rotational states of NO. In
general, the observations are in excellent agreement with the predictions of quantum
mechanical coupled-channels scattering calculations, which are based on recently
developed NO-O2 PESs. For both spin-orbit conserving and changing transitions of
NO, similar correlations of energy transfer in NO and O2 were observed: The higher
the energy uptake by NO, the higher the probability is that O2 is excited to higher
rotational states. Interesting differences were also observed. For spin-orbit conserving transitions, near-elastic collisions are dominated by glancing collisions at high
impact parameters, whereas collisions with larger degree of inelasticity in either NO
or O2 become short ranged. By contrast, spin-orbit changing transitions are driven
by head-on collisions associated with small impact parameters, even for low amounts
of angular momentum transferred. Furthermore, the monomer angular momenta in73
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Fig. 5.10: Normalized partial cross sections for jAB = 3/2 as a function of jAB

correspond to a ﬁxed NO state and shows data for the four O2 ﬁnal states NO2 = 1, 3, 5, 7. All
NO ﬁnal states shown in this ﬁgure correspond to the F2 spin-orbit manifold, i.e, this ﬁgure
shows spin-orbit changing transitions.

duced in spin-orbit conserving collisions describe a vector correlation, which can
be understood classically. For spin-orbit changing transitions, the monomer angular
momenta do not display this vector correlation.
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Correlated excitations in diﬀerent “rotors” inelastic
collisions

If a diatomic molecule is considered as a “rigid rotor”, then the NO radical and O2 molecule can be considered as similar rotors due to their similar rotational constants B. In this chapter, to extend our understanding of
bimolecular inelastic collisions, the measurement of inelastic collisions
between two different rotors (NO + HD) at different collision energies is
described.
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6.1

Introduction

In Chapter 4 and 5, we described the state-resolved product-pair correlations in collisions between velocity controlled NO radicals and O2 molecules. It was found
that excitations in NO and O2 are strongly correlated: the probability to excite O2
to ever higher rotational levels increases if NO is excited to higher rotational states.
If a diatomic molecule is considered as a “rigid rotor”, then the NO radical and O2
molecule can be considered as similar rotors due to their similar rotational constants
B (BNO = 1.7 cm−1 and BO2 = 1.4 cm−1 ). In a classical picture, similar rotors prefer
to rotate after the collision with similar angular speed due to conservation of angular
momentum. This raises the intriguing question: what kind of correlation is expected
if two different rotors collide, i.e., two molecules A and B with very different rotational constants? Will in this case simultaneous excitation of both molecules occur at
all, and if so, how will it depend on ΔErot and Δ j of both molecules?
The NO-HD system is ideally suited to investigate these fundamental questions
and has been a prime candidate in the experimental search for rotational product pair
correlations for years. The large rotational constant of HD (BHD = 44.7 cm−1 ) in
principle makes the observation of multiple rings in a scattering image easier, as the
relatively large spacing between rings relaxes the requirements on the resolution of
the experiment. On the other hand, based on physical intuition one may expect that
pair correlations are only very weak; a typical Δ j transition in NO will transfer much
less energy than the corresponding transition in HD, suggesting that RET in this
system may occur predominantly in the NO channel while HD scatters elastically.
Several NO-HD scattering experiments have been conducted in recent years, but the
observation of product pair correlations in NO-HD has remained elusive.
In this chapter, we describe the observation of rotational product-pair correlations
for inelastic collisions between NO (X 2 Π1/2 ) radicals and HD (X 1 Σ+ ) molecules as a
function of the collision energy. We ﬁnd that the inelastic HD channel is surprisingly
strong, and is only weakly correlated to inelastic transitions in NO. These observations are in excellent agreement with predictions from theoretical coupled-channel
calculations based on a high-level ab initio potential energy surfaces (PESs) [61].

6.2

Results and discussion

The details of the experimental set-up is described in Chapter 2. The HD beam is
formed by expanding pure HD molecules from a cryogenic Even-Lavie valve. By
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changing the temperature of the valve, the velocity of HD beam can be changed,
resulting in different collision energy. In order to determine the state purity of the
initial HD beam, we measured the REMPI spectrum of HD. Fig. 6.1 displays the
REMPI spectrum of HD, as can be seen, the vast majority of HD before the collision
are populated in jHD = 0 state.

Intensity (a.u.)

j=0

j=1

99220

99260
99300
Energy (cm-1)

99340

Fig. 6.1: REMPI spectrum of the initial HD beam, the vast majority of HD are populated in
jHD = 0 state before the collision.

Fig. 6.2 shows the observed scattering images for excitation of NO into a range
of ﬁnal rotational states at four different collision energies. For images above the red
line, the collision energy is insufﬁcient to excite HD to the the jHD = 1 level which
requires an energy of 89 cm−1 . Consequently, HD molecules only scatter elastically
resulting in a single scattering ring. The vertical stripes in the images result from
diffraction oscillations in the differential cross sections, that are fully resolved here.
For images below the red line, we observe the appearance of inelastic HD collisions
as they become energetically allowed. The jHD = 0 → jHD = 1 inelastic and
jHD = 0 → jHD = 0 elastic channels are clearly visible as two superimposed
rings. The two rings are still visible and partially resolved at the highest collision
77
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Fig. 6.2: Experimental scattering images for inelastic scattering of NO (X 2 Π1/2 , j = 1/2, f )
radicals with HD (X 2 Σ+ , j = 0 molecules). The collision energies and ﬁnal states of NO are
labeled. Images are presented such that the forward scattering direction is located on the right
hand side of the image. Small segments of the images around forward direction are masked
due to the imperfect state selection of the initial NO packet. For images above the red line,
the collision energy is insufﬁcient to inelastically excite the HD molecules. The rotational
energy diagrams of NO and HD are shown at the top-right; the Λ-doublet splitting of the NO
radical is exaggerated to clarity.

energy probed, although the elastic and inelastic HD rings are then hardly separated
and located close to the brim of the image. In each image, the angular scattering
distribution of both rings is found to be very similar.
The observed scattering behavior is striking and counter-intuitive. Inelastic collisions in HD are found to be surprisingly strong. Even for the 1/2 f → 1/2e channel
in NO that is energetically nearly elastic, a signiﬁcant fraction of the scattering events
excite the HD molecules to the jHD = 1 level, setting the molecule into rotation with
nearly 90 cm−1 rotational energy. Equally surprising is the observation that the relative importance of the inelastic and elastic HD channels appears rather independent
of the ﬁnal state of NO that is probed: a similar ratio in signal intensity for the inner
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and outer rings is observed, as long as the collision energy is sufﬁcient to rotationally excite HD. The trends observed here for NO-HD are very different from what
we observed for NO-O2 collisions at a collision energy of 160 cm−1 [107]. In the
NO-O2 collision system, rotational excitation of O2 and NO are strongly correlated:
the probability to excite O2 to higher rotational states increases if NO is also excited
to higher rotational states, consistent with our physical intuition for two colliding
"similar" rotors.
The angular scattering distributions derived from the experimental and simulated
images are in excellent agreement, including the spacing and phase of the diffraction
oscillations (data not shown), validating the NO-HD potentials. We here refrain from
a further analysis of the angular distributions, but focus exclusively on the relative
importance of the inelastic HD channel. Fig. 6.3 shows the radial scattering distributions of the experimental and simulated images, taken within a narrow window of
scattering angles near forward scattering where the images have largest intensity (see
inset to Fig. 6.3). The experimental and simulated radial distributions are in excellent
agreement, and further quantify our observation that the intensity ratio of the elastic
and inelastic HD channel is almost independent of the ﬁnal state of NO, provided that
the collision energy is well above the rotational energy needed to excite the NO-HD
pair. From the scattering calculations, the ratio σ j=0 → j=0 /σ j=0 → j=1 of the total
elastic and inelastic HD cross section ranges between about 4 and 7 at the lowest
collision energies, and drops to values between 1.5 and 3 at a collision energy of 460
cm−1 .
The trends in product pair formation we observe in NO-HD collisions are analyzed in terms of opacity functions that are derived from the scattering wave functions. In Figure 6.4(a), the opacity functions are shown for collisions that excite
the NO radical at a collision energy of 133 cm−1 into the (3/2e) and (5/2 f ) states,
while the HD molecule either scatters elastic ( jHD = 0 → jHD = 0) or inelastic
( jHD = 0 → jHD = 1). The corresponding opacity functions for other ﬁnal states
of NO are found to be almost identical (data not shown), explaining the observed insensitivity of the pair correlations to the ﬁnal state of NO. It is seen that collisions in
which HD scatters elastically are governed by both short and long-range interactions;
the opacity function has a long tail extending to large impact parameters. By contrast,
if HD scatters inelastically, the collision is very short ranged with impact parameters
well below the classical turning points, indicated by the shaded area and dashed lines.
The classical turning points for the collinear and T-shaped geometries lie at 5.14 and
6.68 a0 , respectively, as indicated by the vertical dashed lines in the shaded area of
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Fig. 6.3: Radial distributions that result from the experimental (Exp) and simulated (sim)
images, as analyzed within an angular window close to forward scattering as illustrated in the
inset.

ﬁgure 6.4. Particularly interesting is the very fast drop of the opacity function as b
approaches the classical turning point, 5.8 a0 , where the isotropic potential is equal to
the collision energy. We were able to quantify the impact parameters with the highest
contribution to the cross sections by multiplying the opacity functions P(b) by b. For
the (3/2e) ﬁnal state of NO they were found to be located at 5.69 and 3.41 a0 for
the elastic and inelastic channels of HD respectively (see Fig. 6.5). Similar values
were obtained for the different ﬁnal states of NO. Although, the opacity functions for
the channels in which HD scatters elastic show a tail in the long-range, the dominant
contributions to the cross section lie in the short-range. Since both elastic and inelastic collisions of HD happen in the short range, similar dynamics are expected, which
explains why an approximately constant ratio between the elastic and inelastic cross
sections are observed.
An explanation as to why the short-range plays such a vital role in the simultaneous rotational excitation in both NO and HD can be understood by studying the
effect of the NO-HD interaction potential on the scattering dynamics. HD has a high
rotational constant and rotational excitation requires a high kinetic to internal energy
conversion. As a result of an asymmetrically perturbed electron cloud HD exhibits
a small dipole moment of roughly 10−3 Debye [112]. Furthermore, NO-HD is rel80
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Fig. 6.4: Opacity functions for NO-HD collisions at a collision energy of 133 cm−1 . The
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atively weakly interacting, such that the molecules need to get in close proximity to
feel the anisotropy of the interaction potential that is required to induce a rotational
transition.

6.3

Conclusion

In this chapter, the inelastic collisions between NO radicals and HD molecules at
different collision energies has been described. In this “different rotors” system,
simultaneous rotational excitation in both collision partners can also be measured
which is surprisingly strong. Short-range interaction between NO and HD plays a
vital role in the simultaneous rotational excitation in both NO and HD. In comparison
with the NO-O2 system, however, differences in trends for the pair correlations can
be clearly observed.
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State-to-State DCSs of NO + para-H2 / ortho-D2
inelastic collisions

We study rotational energy transfer in collisions between NO radicals
and H2 or D2 molecules, with the goal to probe and study pair correlations. Compared with HD, the H2 and D2 molecules have para and
ortho rotational levels, such that rotational excitations can only occur
 ) or even numbetween odd rotational quantum numbers ( jodd → jodd

bers ( jeven → jeven ). For D2 and H2 , the minimum energy that needs
to be transferred in an inelastic collision amounts to 180 cm−1 and 360
cm−1 , respectively, which is signiﬁcantly larger than the corresponding
value of 90 cm−1 for HD. We present a series of high resolution measurements of inelastic collisions of NO (X 2 Π1/2 , j = 1/2f) radicals with
para-H2 and ortho-D2 molecules at a collision energy of 510 and 450
cm−1 , respectively. No inelastic excitations of ortho-D2 and para-H2
molecules are observed in the experiment. However, by increasing the
collision energy of NO + ortho-D2 to 720 cm−1 , weak rotational excitation ( j = 0 → j = 2) of ortho-D2 can be observed. The experimental angular scattering intensity distributions match the simulated angular
scattering intensity distributions throughout except for excitation of NO
into the j = 7/2 f (Ω = 0.5) channel. For this particular inelastic channel,
a signiﬁcant discrepancy with theory is observed, which is at present not
understood despite various additional measurements and calculations.
Based on
State-to-State Differential Cross Sections for Inelastic Collisions of NO Radicals with para-H2 and
ortho-D2 , Zhi Gao, Sjoerd N. Vogels, Matthieu Besemer, Tijs Karman, Gerrit C. Groenenboom, Ad
van der Avoird, and Sebastiaan Y. T. van de Meerakker, J. Phys. Chem. A 2, 12 (2017)
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7.1

Introduction

As described in Chapter 6, the simultaneous rotational excitation of two molecular collision partners can be observed in inelastic collisions, even when the two
molecules have very different rotational constants and hence described as different
“rotors”. For the NO + HD system, it was found that inelastic transitions in HD are
governed exclusively by short ranged interactions. One may therefore ask, in order to
rotationally excite a molecule with a larger rotational constant than HD, whether even
more short ranged interactions are required? From a classic point of view, ever more
short-ranged interactions correspond to ever smaller impact parameters (b), with ever
smaller contributions to the cross section. In other words, one may wonder whether
the simultaneous rotational excitation can still be observed if the two collision partners become ever more “different”? The hydrogen molecules H2 and D2 are similar
as HD, in the sense that all of them have a large rotational constant compared to NO.
However, since H2 and D2 are homonuclear diatomic molecules, they have para and
ortho structures such that rotational excitations are only allowed between odd rota ) or even numbers ( j

tional quantum numbers ( jodd → jodd
even → jeven ). The lowest
−1
−1
rotational energy interval of D2 and H2 is 180 cm and 360 cm respectively, which
is substantially larger than the lowest rotational energy interval of HD (90 cm−1 ).
Collisions between NO radicals and H2 molecules has been the subject of a number of studies. H2 (X 1 Σ+
g ) in its j = 0 rotational ground state is often regarded as the
most simple molecule, and its electronic structure resembles the structure of an atom.
In addition, the interaction between H2 and other molecules plays an important role
in astrophysics since H2 is the most abundant molecule in interstellar space. Westley
et al. studied differential cross sections for inelastic collisions of NO with He and D2
for both spin-orbit conserving and spin-orbit changing transitions, and found small
differences in the rainbow positions between NO + He and NO + D2 [109]. By using
a hexapole state selector, Gijsbertsen et al. found signiﬁcant differences in rainbow
positions between parity conserving and parity changing transitions [71]. Luxford
et al. reported the state-to-state DCSs and angular resolved rotational angular momentum polarization moments for collisions of electronically excited NO(A2 Σ) with
D2 [113]. Recently, de Jongh et al. studied the DCS of NO + He and NO + ortho-D2
with very high resolution as a function of the collision energy using a Stark decelerator, resolving diffraction oscillations in the angular distributions. Due to the larger
size of D2 , the differences in angular spacing between individual diffraction peaks
were observed [61]. Theoretically, two NO-H2 PESs have been reported in the liter84
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ature recently [114, 115]. However, in all of the previous studies, no evidence was
found for the observation of product-pairs.
In this chapter, a series of high resolution measurements of inelastic collisions
of NO (X 2 Π1/2 , j = 1/2f), referred to hereafter as 1/2 f , radicals with para-H2 and
ortho-D2 molecules are described. The measurements are performed in the same
set-up as described in Section 2.5. For NO + ortho-D2 and para-H2 , no productpairs are observed at a collision energy of 450 cm−1 and 510 cm−1 , respectively.
However, DCSs are probed for a variety of inelastic scattering channels for the NO
radical. In the scattering images, ﬁne structures in the angular distributions such as
diffraction oscillations are fully resolved. At a higher collision energy of 720 cm−1
for NO + ortho-D2 , weak inelastic excitations of ortho-D2 ( j = 0 → j = 2) during
the collisions are observed. The measured angular and radial distributions of the
observed scattering images are compared to the distributions predicted by quantum
close coupling scattering calculations based on the recently developed ab initio PESs
for NO-H2 [61]. Excellent agreement between experiment and theory is obtained,
except for the angular distribution of the scattering channel in which NO is excited
into the (7/2f ) state. This behavior is found for both NO-H2 and NO-D2 collisions.
Despite numerous additional experimental and theoretical studies, this remarkable
discrepancy remains and is at present unaccounted for.

7.2
7.2.1

Results and Discussion
State purity of para-H2 and ortho-D2

Before the collision, the population in the j = 0 rotational ground state for H2 and
D2 is optimized by converting normal H2 and D2 into pure para-H2 and ortho-D2
using a para-ortho converter. The H2 and D2 beams are produced using a room
temperature Even-Lavie valve at a pressure of 20 bar and 10 bar, respectively. The
rotational state purity of the H2 and D2 beams was probed spectroscopically using
a 2+1 REMPI scheme. Typical REMPI spectra are shown in Fig. 7.1, indicating
that the population of the j = 1 level in both H2 and D2 is strongly reduced using
the para-ortho converter. WE estimate that the population in the j = 1 rotational
level of para-D2 is below 22%[61], and the population in the j = 1 rotational state
of ortho-H2 is negligible.
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Fig. 7.1: The REMPI spectrum of normal H2 and D2 (a, b), para-ortho converted H2 and D2
(c, d) with the assignments of peaks.

7.2.2

Scattering of NO radicals with para-H2

Fig. 7.2 displays results for inelastic collisions between NO (1/2f ) radicals and paraH2 molecules at a collision energy of 510 cm−1 , exciting the NO radicals to the 3/2e,
5/2f, 7/2e, 7/2f, 9/2f and 11/2e ﬁnal states. For each ﬁnal state, the raw experimental image, the simulated image, and the angular distributions that follow from these
images after applying the FinA reconstruction procedure [81] are shown. No rotational excitation of para-H2 is observed here. For excitation into the lower ﬁnal
rotational states of NO, the angular scattering intensity distribution is dominated by
forward scattering and features a clear diffraction pattern. For higher ﬁnal rotational
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states, no diffraction oscillations are observed, but a rotational rainbow starts to appear. With increasing values for j’ of NO, the angle at which the rainbow is found
also increases. In general, excellent agreement between experiment and theory is obtained. The diffraction structures, as well as the intensity and position of the rainbows
are accurately reproduced by the simulations. For the (7/2e) channel, there is a small
component near forward scattering that appears more intense in the experiment than
in the simulations, but this area is close to the masked beamspot where our experiment is less sensitive. For the (7/2f ) channel, however, the experiment and simulation
show a signiﬁcant discrepancy. The theory predicts a DCS that contains a rainbow at
a scattering angle around 60 degrees, and very low intensity at near-forward scattered
angles. The experiment, by contrast, reveals a distribution that is characterized by a
large forward scattered component without a clear rainbow signature. We defer a
thorough discussion on this surprising disagreement between experiment and theory
for this particular ﬁnal state to section. 7.2.5.

7.2.3

Scattering of NO radicals with ortho-D2

NO (1/2f ) + ortho-D2 at 450 cm−1
Fig. 7.3 shows the results on a similar study for NO + ortho-D2 collisions at a collision energy of 450 cm−1 . No simultaneous rotational excitation of ortho-D2 is
observed. Similar trends in the angular distributions are observed as for NO + paraH2 . Excitation to low ﬁnal states is dominated by forward scattering and diffraction,
whereas higher ﬁnal states feature rainbows at near side scattered angles. Compared
to NO + para-H2 collisions, the diffraction peaks appear closer spaced, and the rainbows have their maximum intensity at smaller angles. Again, excellent agreement
between experiment and theory is obtained, except for the (7/2f ) channel (see for a
further discussion section 7.2.5).

7.2.4

Comparison between NO + para-H2 and NO + ortho-D2

The main differences that are observed between NO + para-H2 and NO + ortho-D2 ,
at a collision energy of 510 cm−1 and 450 cm−1 respectively, can be rationalized
using simple semi-classical models for rotational energy transfer. First, we observe a
smaller angular spacing between individual diffraction oscillation peaks for NO + D2
than for NO + para-H2 . This difference can be explained by a semiclassical model
in which the diffraction structure results from a matter wave that diffracts from a
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Fig. 7.2: Scattering images for rotational inelastic collisions between NO (1/2f ) radicals and
para-H2 molecules, exciting the NO radicals to various ﬁnal states. left: Experimental(Exp)
and simulated(Sim) ion images. Small segments of the images around forward scattering are
masked because of the imperfect state selection of NO packet. right: angular scattering intensity distribution as derived from the experimental (red curves) and simulated (blue curves)
images.
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Fig. 7.3: Scattering images for rotational inelastic collisions between NO (1/2f ) radicals and
ortho-D2 molecules, exciting the NO radicals to various ﬁnal states. left: Experimental(Exp)
and simulated(Sim) ion images. Small segments of the images around forward scattering are
masked because of the imperfect state selection of NO packet. right: angular scattering intensity distribution as derived from the experimental (red curves) and simulated (blue curves)
images.
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Table 7.1: Parameters used for NO + para-H2 and NO + ortho-D2 collisions to describe the
angular spacing of diffraction oscillations. The major (AN and AO ) and minor (B) semi-axes
follow from the hard-shell model, and are given in units of the Bohr radius (a0 ). The angular
spacing Δθ between diffraction peaks is calculated by the hard-sphere model(Δθ model) and
from the experimentally observed diffraction pattern (Δθ Exp).

NO + para-H2

NO + ortho-D2

4.00
5.67
6.01
4.88
7.48
7.2

5.15
5.71
6.05
4.91
5.8
5.6

k(a0 )
AO (a0 )
AN (a0 )
B(a0 )
◦
Δθ ( )model
Δθ (◦ )Exp

spherical object. As described in detail by Onvlee et al. [116], the angular spacing
Δθ between the diffraction peaks within a hard-sphere scattering model is given by
Δθ =

π
,
kR0

(7.1)

where k is the wavenumber of the incoming matter wave and R0 is the radius of
√
the sphere. The collision energy Ecoll is related to k via h̄k = 2μEcoll , where μ
is the reduced mass of the system (1.88 atomic units for NO-H2 and 3.53 atomic
units for NO-D2 ). For both NO + para-H2 and NO + ortho-D2 , the radius R can be
determined from a spatial contour plot of the interaction potential [116]. An effective
radius of the complex then follows from the contour with an energy that equals the
collision energy of the experiment. This contour is approximated by an ellipse with
a minor semi-axis B and two major semi-axes AN and AO for the N-end and O-end
of the molecule, respectively. Table 7.1 summarizes the values for k, AN , AO and
B that apply to our experimental conditions. Because the NO radical can almost
be considered as a homo-nuclear molecule, the values for AN and AO are nearly
identical. Following the analysis described by Onvlee et al.[116], we use the largest
value to determine R0 . The resulting values for Δθ are in good agreement with the
values for the experimentally observed diffraction pattern. From Table 7.1, it is seen
that the different values for Δθ for the two scattering systems mainly originate from
the different values for k of the incoming wave.
Second, the scattering angle at which the maximum of a rotational rainbow is
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found is different for both systems. In a classical picture, the rotational rainbow
originates from trajectories with minimal deﬂection, but where sufﬁcient incoming
translational momentum is converted into molecular rotation [71]. The rotational
rainbow angle θr is expected at[117]


1
Δj
sin θr =
,
(7.2)
2
2k(An − B)
where An denotes either the semi-axis AN or AO introduced before. For the NO radical
in the j = 1/2 f initial state, Δ j is approximately equal to j + ε  /2, where Λ-doubling
components of e parity have ε = + 1, and components of f parity have ε = −1.
In Table 7.2, the values for Δ j are given for the (9/2 f ) and (11/2e) ﬁnal states,
together with the predicted values for θr and the experimentally determined angles at
which the rainbows are found. Two rotational rainbows are considered: one from the
N-end and another one from the O-end, described by the rainbow angles θr,O and θr,N .
It is seen that the experimentally determined rainbow angle θr,Exp is in between the
values for θr,O and θr,N . We conclude that although the hard-shell model is less quantitative, it can qualitatively describe the origins of the rotational rainbow observed
here. It is further seen the rotational rainbow angle decreases with increasing value
for k, and increases for larger values of Δ j, consistent with Eq. (7.2).
Table 7.2: Parameters used for NO + para-H2 and NO + ortho-D2 collisions to describe the
angle at which rotational rainbows occur.

NO + para H2
9/2f
11/2e
Δj
θr,O (◦ )
θr,N (◦ )
θr,Exp (◦ )

7.2.5

4
78
52
60

6
143
82
92

NO + ortho-D2
9/2f
11/2e
4
57
39
44

6
92
61
64

Excitation to the 7/2f state

As is clear from the data sets presented in Fig. 7.2 and 7.3, there is a signiﬁcant
disagreement between experiment and theory for excitation to the 7/2f channel. For
this state, we measured a relatively large scattering intensity near forward scattering,
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whereas this component appears absent in the simulated images. Considering the excellent agreement obtained for all other ﬁnal states, this disagreement is surprising. In
order to investigate the discrepancy, we have performed a number of additional measurements and theoretical calculations. In this section, we summarize these efforts
and report their results.
Since the discrepancy only occurs for one speciﬁc ﬁnal state, one may suspect
an experimental systematic error related to the detection of population in this ﬁnal
state. We have investigated this experimentally in a number of ways. First, we have
studied inelastic collisions between NO radicals with helium atoms under the same
experimental conditions, probing various ﬁnal states. Potential energy surfaces for
NO+He[118–120] have already been tested before, and excellent agreement between
experiment and theory was found throughout [60]. In Fig. 7.4 the experimental scattering image for the scattering process NO (1/2f ) + He → NO (7/2f ) + He is shown,
together with the simulated results and the angular scattering intensity distributions
derived from these images. It is seen that for NO-He, there is a good agreement between experiment and theory, although a small shift in rainbow position is observed.
Nevertheless, the large forward scattered component that is measured for NO-H2 and
NO-D2 collisions is not observed for NO-He collisions.
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Fig. 7.4: (a) Scattering image for the process NO (1/2f ) + He → NO (7/2f ) + He, together
with a simulated image based on the appropriate DCS predicted by theory. (b) angular scattering intensity distribution derived from the experimental and simulated image.

Second, we have studied the scattering process NO (1/2f ) + D2 → NO (7/2f ) +
D2 in a different apparatus. Our laboratory operates two independent crossed beam
scattering machines that contain identical Stark decelerators, but that use different
beam intersection angles, beam sources, lasers, detection units and data acquisi92
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tion software. This allows us to revisit experimental results in an unbiased way,
unveiling possible systematic errors due to machine-dependent experimental imperfections such as misalignments. Unfortunately, this machine can only operate with
normal-D2 , but we will show below that the cross sections for NO + D2 ( j = 0), NO +
D2 ( j = 1) and NO + D2 ( j = 2) are very similar. In the lower half of Fig. 7.5 we show
the results for a measurement of the process NO (1/2f ) + normal-D2 → NO (7/2f )
+ normal-D2 , that is measured in a crossed beam scattering apparatus employing a
90 degree scattering angle, yielding a collision energy of 720 cm−1 . This collision
energy is higher than the energy pertaining to the data presented in Fig. 7.2 and 7.3,
yet the trend of the angular distribution is the same. It features a signiﬁcant forward
scattered component and a relatively weak rainbow feature. The polarization of the
laser (226 nm) used in the measurement is vertical. We also changed the polarization
of the laser (226 nm) to horizontal, however, hardly any difference was observed.
The theoretical calculations for this process, taking the j = 0, j = 1 and j = 2 populations of normal-D2 into account, again predict an angular distribution featuring a
pronounced rainbow and low intensity at forward scattering.

0

45

90
135
ș (degrees)

Exp
Sim

7/2 f
Intensity(a.u.)

Intensity(a.u.)

5/2 e

180

0

45

90
135
ș (degrees)

Exp
Sim

180

Fig. 7.5: Experimental (Exp) and simulated (Sim) angular scattering intensity distributions
for NO + normal-D2 at a collision energy of 720 cm−1 , probing the parity-pairs (5/2e) (top)
and (7/2f ) (bottom).

Third, we have studied the scattering process NO (1/2f ) + normal-D2 → NO
(5/2e) + normal-D2 . Rotational excitation of NO into the (5/2e) and (7/2f ) states are
expected to yield almost identical angular distributions, as the DCSs for these two excitations form a so-called parity-pair[71]. These measurements are again performed
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at high collision energy in the apparatus with a 90 degree crossing angle, and directly
compared to the measurements probing the (7/2f ) ﬁnal state. The resulting angular
distributions for the (5/2e) and (7/2f ) states are shown in the upper and lower panels
of Fig. 7.5, respectively, together with the theoretical predictions. It is seen that both
measurements yield very similar angular angular distributions, as expected for these
parity-pairs, but for both states a signiﬁcant disagreement with theory is observed.

Sim D2( j=0)
Sim D2( j=1)
Sim D2( j=2)
Exp

Intensity(a.u.)

7/2 f

0

45

90

135

180

ș (degrees)
Fig. 7.6: Experimental (Exp) and simulated (Sim) angular scattering intensity distributions
for NO + normal-D2 at a collision energy of 720 cm−1 , probing the ﬁnal state (7/2f ). The
simulations are performed assuming the hypothetical situation where the D2 molecules are
exclusively in the j = 0, j = 1 or j = 2 rotational states.

Since good agreement between experiment and theory is obtained NO + He, one
may wonder whether initial population in excited rotational levels of the D2 molecule
can explain the observed scattering behaviour, although our measurements using
normal-D2 suggest that initial population in j = 1 does not signiﬁcantly change the
scattering behaviour. In Fig. 7.6, the angular distributions are shown that are expected
from theory for the hypothetical situation in which the D2 molecules are before the
collision exclusively in the j = 0 (blue curve), j = 1 (black curve) or j = 2 state
(green curve). The measured angular distribution for the (7/2f ) state from Fig. 7.6
is shown again as a comparison. It is seen that population of D2 in excited rotational levels results in enhanced scattering intensity at forward scattered angles, but
not to the extent that it can explain the experimentally observed distributions. It appears highly unlikely that possible minor contaminations of our experiment with D2
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molecules in other initial rotational levels than j = 0 can explain the observations.
NO (1/2f ) + ortho-D2 at 720 cm−1
As is clear from the previous sections, product pairs are not observed in NO-H2 and
NO-D2 collisions at a collision energy of 510 and 450 cm−1 , respectively. The resolution in the experiment would be sufﬁcient to observe them, but inelastic transitions
in H2 and D2 have such low cross sections at these energies that they cannot be seen
experimentally. In an attempt to observe pair correlations in NO-D2 , we have performed additional experiments at a higher collision energy of 720 cm−1 . The results
are shown in Fig. 7.7. As can be seen from Fig. 7.7a, two circles are observed in
the scattering images: a strong outer circle and a weak inner circle. Fig. 7.7b shows
the radial distributions of the scattering images, together with the assignment of both
circles. The outer ring corresponds to the elastic channel of D2 (D2 ( j = 0) → D2 ( j =
0)), whereas the inner ring corresponds to the inelastic excitation channel of D2 (D2 ( j
= 0) → D2 ( j = 2)). Fig. 7.7c and d show the angular distribution of the two channels,
together with the results based on quantum chemistry calcuations. The experimental
results excellently agree with the simulated results throughout. Comparing with the
results at a collision energy of 450 cm−1 , one can conclude that by increasing the
collision energy, a weak but measurable inelastic channel in D2 is uncovered.

7.3

Conclusion

We have presented high-resolution measurements of state-to-state differential scattering cross sections for collisions of state-selected NO radicals with para-H2 and
ortho-D2 molecules. At collision energy of 510 and 450 cm−1 for NO + para-H2
and ortho-D2 respectively, no simultaneous rotational excitation of both collision
partners can be observed. Rotational rainbows as well as diffraction oscillations are
fully resolved in the angular scattering intensity distributions. However, by increasing the collision energy of NO + ortho-D2 to 720 cm−1 , weak simultaneous rotational
excitation of D2 (D2 ( j = 0) → D2 ( j = 2)) was observed. This indicates a correlation
between collision energy and the simultaneous rotational excitation of both collision
partners.
In general, the measured distributions are in excellent agreement with the distributions that are predicted by quantum close-coupling scattering calculations, that
are based on recently developed NO-H2 PESs. A signiﬁcant discrepancy, however,
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Fig. 7.7: (a) The experimental (Exp) and simulated (Sim) scattering image for NO-D2 collisions, when NO is excited to the 3/2e state. (b) Comparison of the radial distribution of
scattered NO between Exp and Sim, the two dashed lines indicate the radii of the elastic
and inelastic D2 channel based on the kinematics of the experiment. (c) Comparison of the
experimental and simulated angular distribution of scattered NO for the elastic D2 ( j = 0) →
D2 ( j = 0) channel. (d) Comparison of the experimental and simulated angular distribution
of scattered NO for the inelastic D2 ( j = 0) → D2 ( j = 2) channel.

is found for excitation into the (7/2f ) state. This discrepancy is found for the scattering partners para-H2 , ortho-D2 and normal-D2 . Several additional experiments
and calculations have been performed to elucidate the origin of the discrepancy, but
no mechanism that can possibly explain the observations could be identiﬁed. This
is surprising (and perhaps disturbing) in view of the quality of both experiment and
theoretical treatments, and in view of the excellent agreement that is found for other
inelastic channels. There appears either an overlooked systematic error in the experiment, or the theoretical calculations are inaccurate. The former appears unlikely
considering the agreement that is obtained for NO-He, and the similar discrepancy
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that is found for excitation into the associated parity-pair (5/2e). The latter appears
unlikely considering the excellent agreement that is obtained for all other ﬁnal states
(and systems that we studied in the past). Further experiments and calculations are
warranted to clarify this mystery.

7
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Outlook

The research presented in this thesis deals with measurements of productpair correlations in inelastic collisions of NO radicals with other diatomic molecules such as molecular oxygen and hydrogen. By combining the Stark deceleration and VMI techniques, scattering images with
very high angular and radial resolution were obtained, in which multiple
inelastic scattering channels are fully resolved. In general, the experimental angular and radial distributions are in excellent agreement with
the simulated distributions which are based on high-level quantum chemistry calculations. One of the future goals for this type of product-pairs
correlation measurements is to further improve the resolution and to extend the experiments to more complex collision systems. This chapter
discusses a number of possibilities and challenges for future work towards the systematic study of bimolecular inelastic collisions.
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8.1

Collisions involving Stark-decelerated beams of ND3

To extend our knowledge about bimolecular inelastic collisions, a larger variety of
collision systems needs to be studied. As described in Chapter 3, the ND3 molecule
with its relatively large dipole moment is well suited to be selected and decelerated
by a Stark decelerator. Since 1968[121], the discovery of ammonia in the interstellar medium motivated the study of collisions involving ND3 molecules. Because
gas-phase collisions can transfer population to higher-lying rotational levels, inelastic scattering experiments helps to interpret the anomalous non-thermal microwave
radiation emitted from interstellar clouds[122].
We have performed preliminary scattering experiments between Stark-decelerated
ND3 and D2 molecules to test the feasibility of controlled collision experiments using
ammonia. Fig. 8.1 displays a series of measured scattering images for inelastic colli1 +
−1
sions of ND3 (X, v2 = 0, JK =1−
1 ) with D2 (X Σg ) at a collision energy of 800 cm .
In these experiments, the Stark decelerator is used in guiding mode, and selects the
upper component of the inversion doublet of the rotational ground state of ammonia.
Normal D2 is used, such that the beam consists of both ortho-D2 and para-D2 . The
state population of D2 was probed spectroscopically using REMPI (see Figure 8.3);
the majority of the molecules are found in the levels J = 0, J = 1 and J = 2. In each
scattering image, multiple circles can be observed, indicating that pair correlations
can be observed in this system. The series of images reveals an interesting trend
related to the quantum number k, the projection of the angular momentum J on the
principle axis of inertia of the ND3 molecule. If Δk = 0 for the transition of ND3 ,
the excitation or de-excitation of D2 can clearly be observed, however if Δk = 0, the
excitation or de-excitation of D2 is hardly observed.
The resolution obtained in these images, however, is signiﬁcantly lower than in
the images for NO radicals as presented earlier in this thesis. This is mainly due to
(2+1) REMPI scheme that we used to detect the ND3 molecule. This REMPI scheme
imparts about 20 m/s recoil speed to the produced ND3 ions, signiﬁcantly blurring
the ion images.
Ultimate resolutions for ND3 may only be achievable if state-selective REMPI
schemes are developed that allow for threshold ionization. However, some methods
can be used to improve the images using the current detection scheme. For instance,
the speed spread of ND3 can be reduced by operating the Stark decelerator at a high
−
phase angle. Fig. 8.2 displays a single scattering image for ND3 -D2 (1−
1 → 31 transition) that is obtained if the Stark decelerator is programmed to decelerate ND3 from
100
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Fig. 8.1: Preliminary collision results of ND3 + D2 at collision energy of 800 cm−1 . The ND3
molecules are selected by Stark decelerator, and the initial state of ND3 is jkp = 1−
1 where j is
the rotational quantum number, k is the projection of j on the intermolecular axis, and p is the
parity. The ﬁnal states of ND3 which are detected are labeled. Small segments of the images
around forward scattering directions are masked because of the imperfect state selection of
ND3 package.

430 m/s to 305.8 m/s using a phase angle of 50 degree. It is seen that the resolution has indeed improved; three contributions to the image are clearly resolved. The
smallest ring corresponds to the rotational excitation of D2 (J = 0 → J = 2), the middle
circle corresponds to the elastic channel of D2 , and the largest circle corresponds to
the de-excitation channel of D2 (J = 2 → J = 0).
Theoretically, ND3 -D2 PESs are available, and for selected images we have made
a preliminary comparison between experiment and theory. Figure 8.2 shows the sim−
ulated image for the 1−
1 → 31 transition, that takes the blurring due to the ion recoil
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Fig. 8.2: Preliminary experimental results for inelastic collisions between Stark-decelerated
ND3 and D2 molecules at a collision energy of 800 cm−1 . The ﬁnal state of ND3 that is
probed is indicated in each image.

energy into account. In the lower panel to this Figure, the angular distributions for
the elastic and both the inelastic excitation and de-excitation channels are shown that
result from the experimental and simulated image. It is seen that the experimental
curves are in excellent agreement with the simulated ones. Unfortunately, because of
the recoil speed of the ND3 ions, it is impossible to resolve diffraction oscillations in
the angular distributions.
Further experimental and theoretical work is needed to fully address product-pair
correlations in inelastic collisions involving the ammonia molecule. Experimentally,
the largest challenge is the need for a robust, sensitive and state-selective REMPI
scheme that allows for the ionization at threshold.
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Fig. 8.3: REMPI spectrum of the D2 molecular beam, including the assignment of each peak.

8.2

Manipulating the secondary beam

For all the experiments described in this thesis, the secondary beam is always a
conventional beam. Moreover, the collision partners were selected such that neat
expansions of a stable gas could be used. Many interesting bimolecular collision
systems, however, would involve a molecular collision partner that ideally is also
state-selected and velocity controlled. This would allow for the selection of pure rotational (sub)states of the collision partner, and further improve the resolution in the
scattering images.
Ultimately, the secondary beam may be equally well controlled as the primary
beam by passing the collision partner through a Stark or a Zeeman decelerator. The
largest challenge of performing crossed beam experiments using two decelerators is
the relatively low density in each of the beams. As a proof-of-principle demonstration, we extended our crossed beam scattering apparatus with a second Stark decelerator, placed orthogonal to the ﬁrst decelerator. Fig. 8.4 shows the schematic
representation of the experimental set-up. The ﬁrst decelerator has 316 pairs of electrodes and was used to manipulate NO radicals, whereas the other decelerator has
only 111 pairs of electrodes and was used to manipulate ND3 molecules. The NO
beam was produced and manipulated similar to the other experiments described in
this thesis. For the ammonia beam, we used a 5% ND3 in He mixture, and used the
second Stark decelerator in guiding mode (φ0 = 0◦ , such that ND3 molecules in the
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upper inversion component of the jk = 11 rotational ground state are selected and
transported through the decelerator at constant speed). Since the Stark decelerator
has no effect on the He carrier gas, small amounts of He will pass through the Stark
decelerator and arrive in the beam crossing region.
Stark decelerator 1

Detector

Ion optics
Laser 1

Stark decelerator 2

Laser 2

Fig. 8.4: Schematic representation of the experimental set-up consisting of two Stark decelerated molecular beams. Stark decelerator 1 has 316 pairs of electrodes and Stark decelerator
2 has 111 pairs of electrodes.

Fig. 8.5 shows the preliminary results of inelastic collisions between NO and
ND3 using two crossed Stark decelerators. The NO radicals are detected stateselectively in the (3/2, e) state using the 1+1 REMPI scheme as used before. From
the scattering image, two Newton circles can be seen. The smallest circle corresponds
to NO-He collisions, and is present due to collisions of NO with the residual He atoms
from the secondary beam. The larger circle corresponds to NO-ND3 collisions, induced by the two decelerators. It was veriﬁed that the NO-ND3 ring disappeared if
the second Stark decelerator was turned off.
The two circles overlap with each other in the forward direction, such that it is
difﬁcult to isolate the NO-ND3 collisions in the image. Nevertheless, our proof-ofprinciple experiment demonstrates that the densities in Stark-decelerated beams are in
principle sufﬁcient to perform advanced crossed beam experiments using two manipulated molecular beams. The sensitivity of the experiment can be greatly improved if
methods are developed that reduce or eliminate the contribution of the carrier gas to
the image. Various methods could be used to achieve this. For instance, one can subtract the NO-He contribution by toggling the experiment with the second decelerator
on of off, although the statistics in the images may not be sufﬁcient to ﬁlter out the
NO-He collisions.
Another way to eliminate the inﬂuence from the carrier gas is to actively remove
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500 m/s
NO(3/2e)

NO+He

NO+ND3
Fig. 8.5: Preliminary experimental results on the scattering between NO and ND3 molecules
using two crossed Stark decelerators. A beam of ND3 seeded in He is used for the second
Stark decelerator, such that the scattering image contains both NO-He and NO-ND3 contributions.

the carrier gas atoms from the beam, using for instance a hexapole with “beamstop”
combination [123]. This combination transmits the molecules but blocks the atoms,
and can be installed between the Stark decelerator and the collision region, or between the molecular beam source and the Stark decelerator. Either way, a careful
design is needed, as the transmission of a hexapole in terms of phase space (or "emittance") may be different from the phase-space acceptance of a Stark decelerator. Alternatively, one can use exclusively a hexapole-beamstop combination without Stark
decelerator to manipulate the ND3 beam. This will offer higher particle densities
and allow for the study of completely state-selected NO-ND3 bimolecular collisions,
although the manipulation of the ND3 velocity is compromised in this case. Experiments of this kind are currently underway in our laboratory.

8
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8.3

Improving the performance of the VMI detector

Finally, another essential element in the experiment that deﬁnes its resolution is the
VMI detector itself. In all experiments described in this thesis, a so called “2D detector” is used (see also Chapter 2), in which the 3D Newton sphere is crushed onto
a 2D plane. This crushing can cause a certain blurring of the angular and radial distribution of the scattering image. As discussed in Chapter 2, methods such as FINA
exist to reconstruct the 3D scattering intensity from the 2D image, but more work is
needed to use this method for the multi-component scattering images as observed in
this thesis for bimolecular inelastic collisions.
Alternatively, methods such as time-sliced or DC sliced velocity map imaging
exist to only record the central part of the Newton sphere. This experimental method
has a number of advantages compared to the standard velocity map imaging technique as used in all experiments described in this thesis [65, 124–130]. However,
the typical size of the images in our bimolecular inelastic collision experiments are
rather small, such that standard slicing methods may not work very well in our experiments. In this respect, coincidence 3D imaging methods developed by Li and
coworkers [131, 132], in which spatial and temporal information of the impacting
ions is correlated, may be an attractive alternative.
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[73] O. Tkáč, C. A. Rusher, S. J. Greaves, A. J. Orr-Ewing, and P. J. Dagdigian, J.
Chem. Phys. 140, 204318 (2014).
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Summary

This thesis describes studies of bimolecular inelastic collisions between velocity controlled and state-selected NO radicals and other diatomic molecules. Combining the
Stark decelerator and VMI techniques in a crossed molecular beam experiment, socalled product-pairs pertaining to the simultaneous rotational excitation of both collision partners were fully resolved.
Essential in collision experiments using a Stark decelerator is the density of the
packet of molecules emerging from the decelerator. This density is typically 2 to 3
orders of magnitude lower than the densities available in a conventional molecular
beam. The ﬁrst step for a collision experiment which involves a Stark decelerator
is therefore the optimization of the density of the selected packet by optimizing the
initial molecular beam pulse which is loaded into the decelerator. By comparing
different types of the valves, the opening time of the valve and the used carrier gas,
we have developed a protocol to optimize the initial molecular beam pulse such that
the density of the Stark decelerated beam is sufﬁcient for collision experiments.
Two different collision systems have been described in this thesis, that are characterized by the difference in rotational constant of the two colliding molecules. For
so-called “similar rotors”, meaning that the two collision partners have similar rotational constants, we choose NO + O2 as a model system. Interesting trends in
the pair-correlated cross sections were observed. For both spin-orbit conserving and
spin-orbit changing transitions of NO, a clear correlation in the amount of energy
transfer in NO and O2 were observed: the higher rotational energy uptake by NO, the
higher probability that O2 is excited to higher rotational states. Interesting differences
were also observed: for spin-orbit conserving transitions, nearly elastic collisions
are dominated by glancing collisions at high impact parameters, but become short
ranged for high excited states. By contrast, spin-orbit changing transitions are driven
by head-on collision associated with small impact parameters, even if low amounts
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of angular momentum are transferred. The monomer angular momenta involved in
spin-orbit conserving collisions describe a vector correlation, which can be understood classically. For spin-orbit changing transitions, the monomer angular momenta
do not display this vector correlation.
For so-called “different rotors”, meaning that the two collision partners have very
different rotational constants, we choose collisions between NO and molecular hydrogen (H2 /HD/D2 ) as a model system. For NO + HD at collision energies near the
jHD = 0 → jHD = 1 energetic threshold, product pairs are observed very clearly. Surprisingly strong rotational excitation in HD is observed, that appears rather insensitive to the inelastic channel in NO. Short-ranged interactions, with impact parameters
that do not exceed the classical turning point of the interaction potential, are found to
dominate inelastic collisions with HD. For the collision partners para-H2 and orthoD2 , no or very weak inelastic channels are observed at the collision energies available
in our experiment. In this case, the large energy gap associated with the requirement
that inelastic collisions can only induce transitions with Δ j = 2, renders inelastic
transitions in these molecules very unlikely.
Ultimately, the resolution with which product pairs in bimolecular scattering experiments can be probed will be governed by the angular and speed spreads on the
colliding packets of molecules. As a ﬁrst foray into this ﬁeld, the work presented
in this thesis demonstrates that molecular decelerator techniques are valuable tools
to narrow down these spreads such that correlated cross sections can now be systematically studied for a variety of bimolecular systems. This yields unprecedented
opportunities to study scattering processes foreign to atom-molecule collisions, such
as energy transfer process between energetically near-degenerate levels, or the stereodynamics of mutually oriented systems. To conclude, the ability to monitor bimolecular inelastic collisions with resolutions as demonstrated in this thesis allows us to
extend our near-perfect understanding of atom-molecule interactions to bimolecular
systems.
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Samenvatting

In dit proefschrift wordt verslag gedaan van onderzoek op het gebied van bimoleculaire inelastische botsingen van NO radicalen met andere diatomaire moleculen,
waarbij het NO radicaal is geprepareerd in een speciﬁeke kwantum toestand en met
een gereguleerde snelheid. Het combineren van de technieken van Stark afremming
en Velocity Map Imaging (VMI) in een experiment met gekruisde moleculaire bundels, maakte het mogelijk zogeheten product-paren volledig op te lossen, welke het
gevolg zijn van het simultaan rotationeel aanslaan van de twee moleculen die deelnemen aan de botsing.
Cruciaal in een botsingsexperiment dat gebruik maakt van een Stark afremmer,
is de dichtheid van het pakketje moleculen dat de afremmer verlaat. Deze dichtheid
is typisch 2 tot 3 ordes van grootte kleiner dan de dichtheid in een conventionele
moleculaire bundel. De eerste stap in een succesvol experiment met een Stark afremmer is dan ook het optimaliseren van de dichtheid van het geprepareerde pakketje
moleculen, middels het optimaliseren van de initiële moleculaire bundel die in de
afremmer wordt ingeladen. Door het vergelijken van verschillende typen gaskleppen, openingstijden van elke klep en verschillende draaggassen, is een protocol ontwikkeld voor het optimaliseren van de initiële moleculaire bundel zodat een voldoende hoge dichtheid van de Stark afgeremde bundel kan worden verkregen voor
het uitvoeren van botsingsexperimenten.
Dit proefschrift beschrijft twee verschillende botsingssystemen, die worden gekarakteriseerd door het verschil in rotatieconstante tussen de twee botsende moleculen.
Voor het geval van zogeheten “gelijkwaardige rotors”, waarbij de twee botsingspartners in het bezit zijn van een vergelijkbare rotatieconstante, is gekozen voor NO+O2
als een modelsysteem. Een aantal interessante trends in de paar-gecorreleerde werkzame
doorsnedes konden worden waargenomen. Voor zowel spin-baan behouden als spinbaan veranderende overgangen van NO is een duidelijk verband zichtbaar tussen
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de hoeveelheid overgedragen energie in NO en O2 : Hoe groter de opname van rotatie energie door het NO molecuul, des te groter is de kans dat O2 wordt aangeslagen naar een hogere rotationele toestand. Ook werden interessante verschillen
waargenomen: Voor spin-baan behouden overgangen worden de nagenoeg elastische
botsingen gedomineerd door schampende botsingen en interacties op lange afstand,
terwijl deze overgangen voor sterk inelastische botsingen juist gedomineerd worden
door interacties op korte afstand. Daarentegen, worden spin-baan veranderende overgangen volledig gedomineerd door frontale botsingen, die worden geassocieerd met
interacties op korte afstand, zelfs wanneer slechts kleine hoeveelheden impulsmoment worden overgedragen. De impulsmomenten van de monomeren betrokken bij
spin-baan behouden botsingen worden beschreven door een vector correlatie, die kan
worden begrepen in het kader van de klassieke mechanica. Voor spin-baan veranderende overgangen, bestaat deze vector correlatie van de impulsmomenten niet.
Voor het geval van zogeheten “ongelijkwaardige rotors”, waarbij de twee botsingspartners in het bezit zijn van een zeer verschillende rotatieconstante, is gekozen
voor botsingen van NO met moleculair waterstof (H2 /HD/D2 ) als een modelsysteem.
Voor NO + HD botsingen bij energieën dichtbij de energetische drempel voor de
jHD =0 → jHD =1 overgang, zijn product-paren zeer duidelijk waargenomen. Verassend genoeg is gevonden dat het HD molecuul sterk rotationeel wordt aangeslagen, tamelijk onafhankelijk van de keuze van het inelastische kanaal voor NO. Interacties op korte afstand, met botsings parameters die het klassieke keerpunt van de
interactiepotentiaal niet overschrijden, blijken de uitkomst van inelastische botsingen met HD te domineren. Voor de botsingspartners para-H2 en ortho-D2 , werden
geen of slechts zeer zwakke inelastische kanalen waargenomen bij de botsingsenergieën die voorhanden waren in ons experiment. De grote benodigde energieopname, een gevolg van het feit dat inelastische botsingen hier slechts kunnen leiden
tot overgangen met Δj=2, maakt dat inelastische overgangen van deze moleculen zeer
onwaarschijnlijk zijn.
Uiteindelijk wordt de resolutie waarmee product-paren in bimoleculaire botsingsexperimenten kunnen worden waargenomen bepaald door de hoek- en snelheidsspreiding van de botsende pakketjes moleculen. Als een eerste stap in dit onderzoeksveld, demonstreert het werk gepresenteerd in dit proefschrift dat technieken
voor het afremmen van moleculaire bundels waardevolle methodes zijn voor het
beperken van de genoemde spreidingen, wat er toe heeft geleid dat gecorreleerde
botsingsdoorsnedes nu systematisch kunnen worden onderzocht voor een verscheidenheid aan bimoleculaire systemen. Dit opent ongeëvenaarde mogelijkheden voor
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het bestuderen van verstrooiingsprocessen die afwezig zijn in botsingen tussen atomen
en moleculen, zoals processen van energieoverdracht tussen vrijwel ontaarde energieniveaus, of bijvoorbeeld de stereodynamica van onderling georiënteerde systemen. Tot slot kan worden geconcludeerd dat de technieken om bimoleculaire inelastische botsingen te onderzoeken met resoluties zoals gepresenteerd in dit proefschrift, het mogelijk maken om ons bijna volledige begrip van de wisselwerking
tussen atomen en moleculen uit te breiden naar bimoleculaire systemen.
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